
 

 

 
The synthesis, surface modification 

and use of metal-oxide nanoparticles in 
polyethylene for ultra-low transmission-
loss HVDC cable insulation materials 

 

 

Amir Masoud Pourrahimi 
 

 

 

 
Doctoral thesis 

KTH Royal Institute of Technology 

Department of Fibre and Polymer Technology 

School of Chemical Science and Engineering 

Stockholm 100 44, Sweden 2016 

 
 

I 
 

https://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwizpfP6nLHLAhXFdpoKHWY4D_oQjRwIBw&url=https://www.kth.se/utbildning/kontakt/fragor-och-svar-1.367612&psig=AFQjCNF_4Z2YnpCJlqdyavW6sp1m46feEw&ust=1457531173722407


Supervisor  
Prof. Ulf W. Gedde  
 
 
 
 
Copyright © Amir Masoud Pourrahimi, Stockholm 2016  
All rights reserved  
 
 
 
The following papers are reprinted with permission:  
Paper I © The Royal Society of Chemistry 2014 
Paper II © The Royal Society of Chemistry 2015 
Paper III © 2016 American Chemical Society  
Paper IV © 2016 American Chemical Society  
Paper V © 2016 Elsevier Ltd.  
Paper VI © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
 
 
 
 
 
TRITA-CHE Report 2016:30  
ISSN 1654-1081  
ISBN 978-91-7729-059-9  
Tryck: US-AB, Stockholm 2016 
 
 
  

 

 

 

 

 

 

AKADEMISK AVHANDLING 

Som med tillstånd av Kungliga Tekniska Högskolan framläggs till offentlig granskning för 
avläggande av teknisk doktorsexamen i fiber och polymerteknologi fredagen den 23 
september 2016, kl 10:00 i sal Kollegiesalen, Brinellvägen 8, KTH campus, Stockholm.  
Fakultetsopponent: Prof. Alexander Bismarck från Universität Wien.  
Avhandlingen försvaras på engelska. 

II 
 



To my Mother 

In memory of my Father 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
III 

 



Abstract 

 Polyethylene composites which contain low concentrations of metal-oxide nanoparticles e.g. 

ZnO and MgO are emerging materials for the use in insulations of extruded high-voltage direct-

current (HVDC) cables. The challenge in the development of the composites with ultra-low 

electrical conductivity is to synthesize uniform and high-purity metal-oxide nanoparticles, which 

are functionalized with hydrophobic groups in order to make them compatible with polyethylene. 

The thesis reports different approaches to prepare this new generation of insulation materials. 

 Different reaction parameters/conditions – zinc salt precursor, precursor concentrations and 

reaction temperature – were varied in order to tailor the size and morphology of the ZnO 

nanoparticles. It was shown that different particle sizes and particle morphologies could be 

obtained by using different zinc salt precursors (acetate, nitrate, chloride or sulphate). It was 

shown that 60 °C was a suitable reaction temperature in order to yield particles with different 

morphologies ranging from nano-prisms to flower-shaped superstructures. For removal of 

reaction residuals from the particles surfaces, a novel cleaning method based on ultrasonication 

was developed, which was more efficient than traditional water-replacement cleaning. After 

cleaning, the presence of one atomic layer of zinc-hydroxy-salt complex (ZHS) on the 

nanoparticle surfaces was suggested by thermogravimetry and infrared spectroscopy. A method 

involving three steps – silane coating, heat treatment and silica layer etching – was used to 

remove the last trace of the ZHS species from the nanoparticle surface while preserving its clean 

and active hydroxylated surface. The surface chemistry of these nanoparticles was further tailored 

from hydroxyl groups to hydrophobic alkyl groups with different lengths by reactions involving 

methyltrimethoxysilane (C1), octyltriethoxysilane (C8) and octadecyltrimethoxysilane (C18). 

 MgO nanoparticles were prepared by aqueous precipitation of Mg(OH)2 followed by a partial 

transformation to MgO nanoparticles via heat treatment at 400 °C. The surface regions of the 

MgO nanoparticles convert into a hydroxide phase in humid media. A novel method to obtain 

large surface area MgO nanoparticles with a remarkable inertness to humidity was also presented. 

The method involved three steps:  (a) thermal decomposition of Mg(OH)2 at 400 °C; (b) silicone 

oxide coating of the nanoparticles to prevent inter-particle sintering and (c) a high temperature 

heat treatment at 1000 °C. These MgO nanoparticles showed essentially no sign of formed 

hydroxide phase even after extended exposure to humid air. 
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 The functionalized metal-oxide nanoparticles showed only a minor adsorption of phenolic 

antioxidant, which is important in order to obtain nanocomposites with an adequate long-term 

stability. Tensile testing and scanning electron microscopy revealed that the surface-modified 

metal-oxide nanoparticles showed improved dispersion and interfacial adhesion in the 

polyethylene matrix with reference to that of unmodified metal-oxide nanoparticles. The highly 

“efficient” interfacial surface area induced by these modified nanoparticles created the traps for 

charge carriers at the polymer/particle interface thus reducing the DC conductivity by more than 

1 order of magnitude than that of the pristine polyethylene. 

Keywords: polyethylene, metal-oxide nanoparticles, heat treatment, surface coating, humidity 

resistance, interfacial adhesion, nanocomposite, HVDC insulation 
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Sammanfattning  

Polyetenkompositer med mycket låga halter av ZnO och MgO metalloxid nanopartiklar är en 

växande kategori material för användning som isolering av extruderade kablar avsedda för 

likriktad högspänning. En utmaning i utvecklingen av dessa material kan relateras till den 

praktiska kompositframställningen, vilken innefattar framställning av högrena metalloxid 

nanopartiklar som ytmodifieras med hydrofoba molekylstrukturer för att möjliggöra blandning 

med den hydrofoba polyetenplasten. Denna avhandling behandlar olika metoder för att framställa 

denna generation av isoleringsmaterial. 

Vid syntesen av de rena nanopartiklarna krävdes optimering av ett antal olika 

reaktionsparametrar för att uppnå tillfredställande slutresultat i form av partikelstorlekar och 

partikelmorfologier. Dessa inkluderade val av zinksalt, zinksaltkoncentration vid utfällning, samt 

reaktionstemperatur vid framställningen. Experimenten avslöjade att olika partikelstorlekar och 

partikelmorfologier kunde framställas som endast korrelerat mot källan av zinkjonerna, och 

berodde av vilka motjoner som zinkatomerna haft i zinksaltet (acetat, nitrat, klorid eller sulfat). 

Optimering av reaktionstemperaturen visade att ca 60 °C utgjorde en lämplig start för utvärdering 

av synteserna, som resulterade i olika partikelmorfologier i form av pyramidformade 

nanopartiklar till blomformationer. Utöver de specifika reaktionsparametrarna utvecklades även 

en ny ultrasonikeringsmetod för att rena ytorna hos partiklarna från motjoner relaterade till de 

valda specifika salterna. Metodiken som visade sig avsevärt mer effektiv än sedvanlig rening att 

utfällda nanopartiklar via repetitivt vattenutbyte, och skapade förutsättningar etablering av 

kolloidal stabilitet och fragmentering av aggregat i vattensuspensionerna. Efter 

ultrasonikeringsreningen beräknades de kvarvarande zinkhydroxidsalterna (ZHS) utgöra endast 

ett atomlager ZHS utifrån termogravimetriska data kompletterade med infraröd spektroskopi. En 

metod att eliminera de kvarvarande ZHS-komplexen från ytan av partiklarna 

tillämpades/utvecklades, inkluderade ytbeläggning av partiklarna med silan, följt av 

värmebehandling samt etsning av den resulterande kiseloxidytan, för att uppnå en ren 

hydroxylyta på partiklarna. Ytkemin hos dessa partiklar modifierades från att bestå av 

hydroxylgrupper till att utgöras av hydrofoba alkylgrupper med olika längder relaterade 

metyltrimetoxysilan (C1), oktyltrietoxysilan (C8), eller oktadekyltrimetoxysilan (C18). 

Även MgO nanopartiklar framställdes via vattenutfällning av Mg(OH)2 partiklar, vilka 

omvandlades till MgO nanopartiklar via en lågtemperatur värmebehandling vid 400°C. Ytan av 
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dessa partiklar omvandlades dock till hydroxid i fuktig miljö. En ny metod att bibehålla den stora 

ytarean av MgO nanopartiklarna med anmärkningsvärd motståndskraft mot att omvandlas till 

hydroxid utvecklades således. Metoden består av (a) en låg temperatur omvandling av Mg(OH)2, 

(b) en kiseloxidytbehandling av nanopartiklarna för att undvika partikelsintring vid högre 

temperaturer och (c) en hög temperaturbehandling vid 1000 °C. De framställda partiklarna 

uppvisade ingen anmärkningsvärd känslighet mot luftfuktighet och bibehöll MgO 

sammansättningen efter exponering mot fukt. 

De modifierade metalloxid nanopartiklarna visade mycket liten adsorption av fenoliska 

antioxidanter, vilket medförde en långtidsstabilitet hos polyeten nanokompositerna. De 

ytmodifierade metalloxidpartiklarna visade även förbättrade möjligheter för dispergering och yt-

kompatibilitet med/i polyetenmatrisen i jämförelse med omodifierade metalloxidpartiklar, utifrån 

mätningar baserade på dragprovning och svepelektronmikroskopi. Slutligen, de utvecklade ytorna 

på de modifierade nanopartiklarna skapade ett polymer/nanopartikel gränssnitt som kunder 

fungera som laddningsansamlingsområden i nanokompositerna, vilket resulterade i en 

storleksordning minskad ledningsförmåga hos kompositerna jämfört med den rena polyetenen.  

Nyckelord: polyeten, metalloxid nanopartiklar, värmebehandling, ytmodifiering av partiklarna, 

fukt inverkan, gränsskiktsvidhäftning, nanokomposit, HVDC isolering  
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1. Purpose of the study 

 The important goal of this project was to provide concepts for novel insulation materials in 

high-voltage direct-current (HVDC) cables that allows a more efficient long-distance 

transmission of electric power from distant and carbon dioxide neutral energy sources (solar, 

wind and hydro). The HVDC cable solution is the most feasible in view of geography 

(transmission across sea is required) and the unfeasibility to expand the overhead transmission 

network in Europe being a highly populated region. The operating voltage has to be increased 

from todays 525 kV to 1 MV keeping today’s cable geometry unchanged to meet the demands. 

Recently, nanocomposites have been introduced as a new conceptual design for electrical 

insulation for HVDC cables due to their reduced charge mobility as compared to pristine 

polymeric insulations. By careful tailoring of the surface of the nanoparticles incorporated in 

conventional polymeric insulations, properties may be reached that enable the voltage in the 

HVDC cables to be increased to 1 MV by 2030.  

 A group of PhD students with the background of chemistry, physics, material and electrical 

engineering have been working on this project which includes nanocomposite fabrication with 

thorough electrical and mechanical characterization. In this particular thesis it was tried to focus 

on the material development aspect for HVDC cable insulations consisting of: a) synthesis of 

metal-oxide nanoparticles, b) surface modification of the nanoparticles, c) full-characterization of 

the nanoparticles in terms of purity and humidity resistance and d) preparation of nanocomposites 

based on polyethylene and the nanoparticles. A few key electrical and stability properties are also 

presented for the nanocomposites based on the novel metal-oxide nanoparticles. 
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2. Introduction 

2.1. Renewable energy distribution via HVDC cables 
Nowadays, excess emissions of greenhouse gases (mainly CO2) and the associated global 

warming and climate change have become a global concern. Accordingly, seeking other energy 

sources instead of fossil-based fuels is promising approach to reduce the CO2 emissions. Every 

year, each square kilometre of desert receives solar energy equivalent to 1.5 million barrels of oil. 

Multiplying by the area of the world’s deserts, this is several hundred times more energy than the 

world uses in a year.1 Beside the valuable solar energy, other renewable energy sources based on 

hydro, wind, geothermal, wave, tidal and biomass are likewise highly desirable. Renewable 

energy continued to grow in 2014 against the backdrop of increasing global energy consumption 

and a dramatic decline in oil prices during the second half of the year.2 Global investment in 

renewable energy hit a record US$285.9bn in 2015, beating the previous high of $278.5bn set in 

2011, which resulted in more new renewables capacity than fossil-fuel generation.3 However, the 

renewable energy sources are generally located far away from densely populated areas in contrast 

to fossil-fuel which can be readily transported. One solution is to combine the clean electricity 

generation from the renewable energy with cost-effective power transport system.1 Although 

power stations generate alternating-current (AC) electricity, and utilities deliver AC power to 

consumers, the use of high-voltage AC (HVAC) cables is problematic for distances longer than 

70 km due to its relatively high capacitive current and transmission loss.4 The power loss during 

transmission of electricity from Middle East and North Africa region to Europe by high-voltage 

direct-current (HVDC) technology is estimated to be 10% per 3000 km transport distance which 

is 30–40% lower than with HVAC lines.1 Especially cables with insulating layer are wanted as 

means of transporting electric energy across land and sea whereas expanding the overhead 

transmission network is undesired.  

At present, there are two cable technologies commercially available for HVDC insulations; 

paper-oil and extruded polymeric insulating cables as illustrated in Fig. 1.5 The thin 

semiconducting layers are used in order to provide smooth interface between the aluminum or 

copper conductor/insulating layer and screen interfaces. A swelling tape, aluminum laminate and 

covering sheath jacket are used as diffusion barrier for water and foreign substances. The paper-

oil insulation has been used successfully in underground (marine or land) HVDC power 

transmission systems since the mid-1950s, but extruded HVDC cables have shown more 
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significant advantages such as; a higher conductor temperature and lighter moisture barriers can 

be used, jointing of extruded cables is simpler, increased system lengths and reduced 

maintenance.6 With today’s technology extruded cable with cross-linked polyethylene reaches a 

transmission voltage level of 525 kV with a power rating range of up to 2.6 GW.7 The need of 

larger and longer transmission capacity, with a goal of maximum voltage of 1 MV by 2030, is 

therefore a huge challenge for the development of a common electricity market in Europe and for 

the connection to other continent’s grids.8   

 
Fig. 1 a) Models of paper-oil (left) and extruded (right) HVDC cables; b) structure of an extruded HVDC 
cable5 
 

2.2. Insulation material development 
The polymeric insulating material in extruded HVDC cables besides long term mechanical and 

chemical stability requires ultra-low DC conductivity in order to obtain the lowest possible 

transmission loss for long distances.7, 9 The conductivity of insulation materials increases with the 

electric field and temperature, therefore lower conductivity reduces the risk of thermal runaway 

and further electrical breakdown. Among all polymers, low-density polyethylene (LDPE) meets 

the requirements for insulating part of HVDC cables due to its high breakdown strength and 

resistivity; besides its remarkable shear thinning during extrusion provides low melt viscosity 

which results in good processability.  

Polyethylene is the simplest hydrocarbon polymer and is obtained from the polymerization of 

ethylene. Polyethylenes vary in molecular weight and degree of branching, with the highest 
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branching occurring in LDPE. On a sub-micron scale, semi-crystalline LDPE with a crystallinity 

of 40 % is typically made up of stacks of crystal lamellae sandwiching intermediate amorphous 

layers, which in turn build up the micron-sized supramolecular spherulite, Fig. 2.10-11 The 

polymer chains in the amorphous regions can occur as chain ends, tie chains and trapped 

entanglements; the latter two are important for obtaining high fracture toughness and the 

resistance to slow crack growth. The chains in the crystalline phase is oriented in the c-axis 

(chain axis) and packed in 10–20 nm crystalline lamellae. Fig. 2 shows the orthorhombic crystal 

unit cell of polyethylene with the lattice constants.12 Electronic charge associated with the 

valence band is concentrated about the C–C and C–H bonds (intra-chain) but that associated with 

the conduction state is concentrated between neighboring chains (inter-chain). The energy gap 

between valence and conduction bands is ~8.8 eV and the latter is ~0.65 eV above the vacuum 

level showing the polyethylene has high potential as an electrical insulating material.11 The semi-

crystalline structure of polyethylene with crystalline/amorphous interphases provides charge-

carrier traps with specific depths thus reducing the charge mobility and conductivity.11, 13  

 
Fig. 2 The semi-crystalline structure of polyethylene.10, 12 

 

Although the LDPE has been considered as the best candidate for insulation in HVDC cables, 

the space charge accumulation at high electric fields may result in early failure (breakdown). 

Space charge carrier mobility in polymers is facilitated by ionic conduction (impurity ionization) 

and electronic condition (charge injection from conductor).13-16 Recently metal-oxide 

nanoparticles in low weight fractions (< 5wt. %) have been used in the LDPE in order to supress 

space charge accumulation, which resulted in a conductivity reduction of the insulation. The used 
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metal-oxide nanoparticles being either insulating such as Al2O3,17-18 MgO19-26 and SiO2
27 or 

semiconducting such as TiO2
28 and ZnO14, 29-33; have higher conductivity than that of LDPE 

matrix. These nanoparticles reduce the charge mobility in LDPE nanocomposites presumably by 

trapping/adsorbing charge carriers including electrons, holes and polar/ionic species, so the 

overall nanocomposite conductivity is lowered.11, 34 

2.2.1. Metal-oxide nanoparticle synthesis  
The challenge in the development of nanocomposites is to have the access of high-purity 

metal-oxide nanoparticles with narrow size distributions and low concentrations of conducting 

counter-ions on the surfaces’.33 This is not only required for the highly electrical insulating 

materials but also for the predictable and successful functionalizing of particle that enable the 

dispersion of hydrophilic metal-oxide nanoparticles in hydrophobic polyethylene. Even though 

commercial nanoparticles are available, the history of them is mostly unknown. Their purity is 

unspecified or not well documented, and a broad distribution in the particle size is found. 

Therefore robust and reliable particle syntheses are required in order to obtain well-characterized 

and high-purity metal-oxide nanoparticles in polymer composites.  

Different methods have been used to synthesize metal-oxide nanoparticles among which 

water-based precipitation at low temperatures is versatile, inexpensive and gives a high yield.19, 35 

The water-based precipitation is normally carried out from a mixture of metal salt precursors and 

alkaline aqueous solutions at specific reaction temperature resulting directly in an oxide phase 

such as ZnO or a hydroxide phase such as Mg(OH)2. The latter is transformed into an oxide 

phase via post-synthesis calcination by heat treatment at temperatures above 400 °C. However 

the surfaces of the oxide nanoparticles prepared directly by water-based precipitation have a high 

concentration of hydroxide phase. The hydroxide groups are stabilized by the anions remaining 

from the metal salt precursors (chlorides, sulphates, acetates and nitrates) which form quasi-

crystalline metal hydroxy salt with a composition depending on the metal salt precursor anion.35 

The chemical structure of anions from metal salt precursor results in different nucleation and 

growth kinetics during the synthesis reaction. The anions cannot be cleaned from particles 

surfaces’ by traditional cleaning methods such as water replacement and centrifugation, which is 

only applicable for non-associated ions in the reaction medium after synthesis. The quasi-

crystalline metal hydroxy salt with inherent (permanent) dipole moments finally adsorbs 

impurities and forms hard agglomerates of the nanoparticles showing further electrical 
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breakdown in polymer nanocomposites.22 The metal hydroxy salt decomposes due to the release 

of water and ionic species into pure oxide phase during high-temperature annealing at 

temperatures above 600 °C. 

Heat treatment is thus efficient in transforming the hydroxide phase into pure oxide, but the 

disadvantage is the accompanying undesirable nanoparticle sintering leading to larger particles 

with low specific surface area. Recently, a facile and novel method has been developed for 

transformation of residual hydroxide phase into pure oxide by applying a thin silica coating to 

nanoparticles before heat treatment. It has previously been demonstrated that the modified heat 

treatment can purify the nanoparticles (i.e. removing associated counter-ions and surface water) 

without undesirable inter-particle sintering and with preserved surface activity.36-38 The 

nanoparticles are covered with hydroxide groups without the presence of associated ionic species 

being suitable for further coating chemistry to be applied. 

2.2.2. Surface modification of metal-oxide nanoparticles  
The inorganic metal-oxide nanoparticles with active hydroxyl groups on the surfaces’ are 

hydrophilic and readily form micron-sized agglomerates in hydrophobic polyethylene matrix due 

to the incompatibility. The shear force applied during extrusion (melt blending) is normally not 

sufficient to break the big agglomerates into solitary metal-oxide nanoparticles.19 The presence of 

large agglomerates not only results in early electrical breakdown of insulation material but also 

leads to void formation which lowers the mechanical strength.39 Covalently silica-based coatings 

with integrated carbon functionalities may improve the compatibility of metal-oxide particles 

with polyethylene, which can withstand thermal degradation during the melt processing 

(extrusion). The silica-based coatings are derived from commercial and inexpensive silane 

molecules, which can potentially make the up-scaling of this surface modification feasible 

compared to other methods such as polymer grafting and surfactant encapsulation. The surface 

modification is presumed to proceed via the reaction illustrated in Fig. 3.40 The hydroxyl groups 

on the metal-oxide nanoparticles surface react with the methoxy (ethoxy) groups of the silane 

molecules leading to the formation of Si–O bonds and leaving the terminal functional groups 

(alkyl groups) available for induced compatibility towards polyethylene. The medium for the 

condensation and deposition of silicon-based coating depends on the fact that metal-oxide should 

retain its structure and not transform to hydroxide phase. For metal-oxide nanoparticles whose 

structure retained in aqueous media such as ZnO, the surface modification is based on the Liz-
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Marzán version of the Stöber method, in which particle coatings are formed in alcohol/water 

mixtures.38 On the other hand, the anhydrous solvents are chosen as reaction media to metal-

oxide nanoparticles such as MgO that rehydrated to hydroxide phase at humid environments.26  

 
Fig. 3 Physicochemical mechanism for modifying the surface of metal-oxide nanoparticles via silane 
molecules 
 
2.2.3. Metal-oxide nanoparticles/polyethylene interface 

The ultimate mechanical and electrical properties of the nanocomposites are strongly 

influenced by size and morphology of the particle and its surrounding interface. The latter 

determines the interfacial adhesion between the nanoparticle and polymer matrix, which controls 

the mechanical strength. Interfacial adhesion is defined as adhesion in which interfaces between 

phases or components are maintained by intermolecular forces, chain entanglements, or both, 

across the interfaces.41 The work per unit of area which must be done to separate two adjacent 

phases (polymer and particles) from one another is the work of adhesion. When the 

nanocomposite is subjected to mechanical stresses/strains, a stress concentration appears around 

uncoated particles and thus the cavitation (voids) occurs at the polymer/nanoparticle interface. 

The careful surface coating of the nanoparticles with terminal alkyl groups may result in shifting 

the cavitation to larger stresses/strains due to high interfacial adhesion which achieved by 

increasing both the work of adhesion and the interfacial surface area.39, 42 The large interfacial 

surface in the polyethylene matrix also helps to adsorb substantial mobile/polar species on 

particles surfaces’ thus reducing the electrical conductivity at high electric fields. The long-term 

stability is another aspect of high-performance insulation materials which can be guaranteed by 

tailoring the polymer/nanoparticle interfacial structure.34  
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3. Experimental 
3.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, ≥98%), zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O, ≥99 wt.%), zinc sulphate heptahydrate (ZnSO4·7H2O, ≥99.5%), zinc 

chloride (ZnCl2, ACS Reagent), magnesium chloride (MgCl2· 6H2O, ACS Reagent), sodium 

hydroxide (≥98%), ammonium hydroxide (aq. 25 wt.%), n-heptane (≥99.5%), 

methyltrimethoxysilane (CAS number 1185-55, referred to as C1, ≥98%, 178.3 Da), 

octyltriethoxysilane (CAS number 2943-75-1, referred to as C8, ≥98%, 276.5 Da), 

octadecyltrimethoxysilane (CAS number 3069-42-9, referred to as C18, ≥90%, technical grade, 

374.7 Da) and sulfuric acid (≥98 wt.%) were purchased from Sigma Aldrich and used as 

received. 2-Propanol (≥98%), ethanol (≥96 wt. %), potassium permanganate (≥99 wt.%) and 

orthophosphoric acid (85 wt.%) were supplied by VWR. High resistivity Milli-Q water 

(18.2 MΩcm at 25 °C) was used in all the reactions. A phenolic antioxidant, Irganox 1076 

(octadecyl-3-(3,5-di-tert butyl-4-hydroxy phenyl)-propionate; CAS number 2082-79-3, 

M = 531 Da, melting point = 50–55 °C), was purchased from Ciba Speciality Chemicals, 

Switzerland. Borealis AB, Sweden supplied a low-density polyethylene with a density of 

922 kg m−3, corresponding a melt flow index of 2 g (10 min)−1 (190 °C, 2.16 kg; ISO 1133).  

3.2. Synthesis and surface modification of metal-oxide particles 
3.2.1. ZnO particles 
3.2.1.1. ZnO particles synthesis  

All syntheses were based on addition of 500 mL NaOH aqueous solution to 500 mL zinc salt 

precursor (ZSP) aqueous solution at 60 °C under vigorous stirring for 1h. Table 1 shows the 

characteristics of the ZnO particles with regards to synthesis conditions. The ZnO particles were 

purified thrice in Milli-Q water under ultrasonication (Bandelin Sonorex RK 100H, volume =3 L, 

ultrasonic peak output = 320 W, frequency = 35 kHz), dried at 80 °C and normal pressure, 

ground to a fine powder with a pestle and mortar and finally dried at 60 °C and 20 kPa for 2 h.  

The ZnO particles of ZA-8g and ZN-8g-SS were heat-treated from 23 °C to 600 °C with a 

heating rate of 10 °C min−1 and held at 600 °C for 1 h in a muffle furnace (ML Furnaces) with 

ambient air. 
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Table 1. Synthesis conditions and characteristics of ZnO particles 

ZnO particle ZSP a CZSP  

(M) 

CNaOH  

(M) 

Yield 

 (gL-1) 

Particle size b  

(nm) 

SSA c  

(m2g-1) 

Morphology 

ZA-2g Zn(CH3COO)2·2H2O 0.05 0.125 2 26±8 - nano-prism 

ZA-4g Zn(CH3COO)2·2H2O 0.10 0.250 4 24±7 - nano-prism 

ZA-6g Zn(CH3COO)2·2H2O 0.15 0.375 6 26±8 - nano-prism 

ZA-8g Zn(CH3COO)2·2H2O 0.20 0.500 8 25±6 33.6 nano-prism 

ZA-8g-T d Zn(CH3COO)2·2H2O 0.20 0.500 8 50±20 11.8 equiaxed 

ZA-10g Zn(CH3COO)2·2H2O 0.25 0.625 10 27±8 - nano-prism 

ZC-8g ZnCl2 (anhydrous) 0.20 0.500 8 19±7 39.1 mixed 

ZS-8g ZnSO4·7H2O 0.20 0.500 8 24±8 42.5 mixed 

ZN-8g-SS  Zn(NO3)2·6H2O 0.20 0.500 8 555±146 12.6 star-shaped 

ZN-8g-SST d Zn(NO3)2·6H2O 0.20 0.500 8 524±137 3.8 star-shaped 

ZN-4g-OS Zn(NO3)2·6H2O 0.10 0.200 4 1549±377 - octahedron-shaped 

ZN-4g-SS Zn(NO3)2·6H2O 0.10 0.250 4 1710±340 13.7 star-shaped 

ZN-4g-FS Zn(NO3)2·6H2O 0.10 0.500 4 1504±336 16.7 flower-shaped 
a Zinc salt precursor 
b Particle size distribution as revealed by SEM. 
c Specific surface area as revealed by BET. 
d These samples were heat-treated at 600 °C for 1h in ambient air. 
 
3.2.1.2. Surface modification of ZnO nanoparticles  
 0.6 g ZnO nanoparticles (ZA-8g) were dispersed in a solution of water (40.8 mL) and 2-

propanol (188.4 mL), and then ultrasonicated for 15 min to obtain a homogeneous suspension. 

Ammonium hydroxide (25 wt.%; volume = Vammonia) was added to the suspension under vigorous 

stirring. The suspension was stirred for 15 min, and silane (volume = Vsilane) was finally added 

and allowed to react for 3 h at room temperature. The quantities of the different compounds used 

for the different surface modifications are listed in Table 2. The coated particles were centrifuged 

and washed thrice with ethanol and dried at 60 °C under reduced pressure of 20 kPa for 2 h.  

Table 2. Reaction parameters in the silanization of ZnO nanoparticles (ZA-8g) 

 Vammonia (mL) Vsilane (mL) 

ZA-8g-C1 1.28 5.40 

ZA-8g-C8 5.10 5.40 

ZA-8g-C18 1.28 0.41 

 

In order to obtain ultra-pure ZnO nanoparticles, the octadecyltrimethoxysilane coated (ZA-8g-

C18) nanoparticles were heat-treated from 23 °C to 600 °C with a heating rate of 10 °C min−1 and 

held at 600 °C for 1 h in a muffle furnace (ML Furnaces) with ambient air, yielding particles 
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designated ZA-8g-ST. After heat treatment, the 0.4 g nanoparticles were dispersed in 50 mL of  

1 M NaOH aqueous solution under ultrasonication for 30 min in order to remove (etch) the silica 

shell. These ultra-pure nanoparticles were coated with octyltriethoxysilane (C8) with the same 

condition as ZA-8g. 

3.2.1.3. Designation of ZnO particles  
The zinc oxide particles used in this study were designated based on the zinc salt precursor 

used in reaction, reaction yield, morphology and surface functionality of the synthesized 

particles. The first term indicates to the counter-ion of the zinc salt precursor (ZN = nitrate, ZC = 

chloride, ZS = sulphate, ZA = acetate). The second term refers to the yield of the reaction in  

g L-1. The morphology and surface functionality of the particles is indicated by the last part of the 

abbreviation: SS = star-shaped, FS = flower-shaped, T = thermally treated at 600 °C in air for 1 h, 

C1 = coated with methyltrimethoxysilane, C8 = coated with octyltriethoxysilane, C18 = coated 

with octadecyltrimethoxysilane and STE = ultrapure particles prepared in a three-step process 

including silane coating, thermal treatment and etching of the silica coating. 

3.2.2. MgO particles 
3.2.2.1. Mg(OH)2 nanoparticles synthesis 
 Mg(OH)2 nanoparticles were prepared by  addition of 1 L of 0.75 M magnesium 

chloride aqueous solution to 1 L of 1.5 M sodium hydroxide solution and allowed to react 

for 30 min at 23 °C under vigorous stirring. The precipitate was washed thrice with milli-

Q water under ultrasonication in order to remove residual counter ions. The washed 

precipitate of Mg(OH)2 nanoparticles was dried in air at 90 °C and ground into a fine 

powder using a pestle and mortar (sample referred to as Mg(OH)2-CD). 

3.2.2.2. Single-step heat treatment of Mg(OH)2 nanoparticles 
 The Mg(OH)2 powder was heated in dry air from 23 °C to 1000 °C at a rate of 10 °C 

min-1 and held at 1000 °C for 1 h in a H14-GAXP furnace (Micropyretic Heaters 

International Inc.). The thermally treated particle sample designated MgO-CD1000 was 

stored in a desiccator at reduced pressure to prevent the uptake of CO2 and H2O. 
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3.2.2.3. Modified two-step heat treatment of Mg(OH)2 nanoparticles 
 The Mg(OH)2-CD sample was first treated in ambient air at 400 °C for 1 h, yielding 

particles designated MgO-CD400. MgO-CD400 (2 g) was dispersed in 600 mL n-heptane 

and 3.66 mL octadecyltrimethoxy silane was added to the suspension under rapid stirring 

and allowed to react for 24 h at 23 °C. The coated nanoparticles, designated MgO-C18, 

were heated from 23 °C to 1000 °C at a rate of 10 °C min-1 and held at  

1000 °C for 1 h yielding particles designated MgO-C18-1000. The thermal treatments 

were carried out in dry air. 

3.3. Particle characterisation  
 A field emission scanning electron microscope (SEM; Hitachi S-4800) and a 

transmission electron microscope (TEM; Hitachi HT7700) were used to assess the particle 

shape and size distributions. For the SEM analysis, the powder samples were coated with 

a conductive layer of Pt/Pd (60/40) by a 20 s sputtering using a current of 80 mA in a 

Cressington 208 HR. For the TEM analysis, the particles were deposited onto 400 mesh 

copper grids from a suspension of pure ethanol containing nanoparticles at a concentration 

of 0.45 ± 0.05 g L-1. The samples were then dried and examined in the microscope 

operating at an acceleration voltage of 100 kV. The size distributions of the different 

nanoparticle samples were assessed by measuring 600 particles per sample using Image J 

(National Institute of Health, Maryland, USA). 

 The Brunauer-Emmett-Teller (BET) method based on nitrogen adsorption/desorption 

with a Micromeritics ASAP 2000 at 77 K was used to determine the specific surface area 

and pore size distribution. Before measurement, the samples were degassed at 200 °C until 

the pressure reached 0.3 hPa.  

 Dynamic light scattering (DLS) was used to assess the average aggregate size of the 

particles with simultaneous suspension electrical conductivity (mS cm−1) and zeta 

potential measurements using a Malvern Zetasizer Nano ZS (Malvern, UK). 

Measurements were performed with a 633 nm He/Ne laser at a temperature of 25 °C for 

dispersed particles in water. The refractive index (RI) of ZnO particles was set to 2.004. 

The pH of the suspensions was measured by pH 700 (Eutech Instruments, Singapore). All 

these samples were maintained wet from the synthesis. 
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 For humidity exposure study, the different MgO particle samples were exposed to 

humidity at 23 °C and 50 % RH.  

 X-ray diffractograms of the powder samples were recorded at 23 ± 2 °C using a 

PANalytical X’pert Pro MPD diffractometer with a Cu-Kα source using a 2θ step size of 

0.017°. The crystal size was obtained from the Scherrer equation: 

)cos(θβ
λkD =            (1) 

where D is the crystal size (diameter) in nm, k is a shape factor equal to 0.94, λ is the X-

ray wavelength (0.154178 nm), θ is the Bragg angle and β is the peak width in radians at 

half-height. 

 Thermogravimetry (TG) was carried out in a Mettler Toledo TG/DSC 1. Powder 

samples (5 ± 1 mg) were placed in 70 μL aluminium oxide crucibles and heated from 

30 °C to 1000 °C at a rate of 10 °C min-1 in dry oxygen or nitrogen (flow rate of  

50 mL min-1). 

 Infrared spectra were recorded with a Perkin-Elmer Spectrum 2000 FTIR spectrometer 

and analysed with Perkin-Elmer Spectrum software (Norwalk, CT, USA). The samples 

were prepared by mixing 3 mg of particles and 300 mg of ground KBr and pressing the 

mixture under a load of 10 kN for 1 min in a die to form a pellet. The spectral range was 

450 to 4000 cm-1 with a resolution of 4 cm-1. Each spectrum was based on 32 scans. 

 X-ray photoelectron spectroscopy (XPS) spectra were collected with a Kratos Axis 

Ultra DLD electron spectrometer using a monochromatic Al Kα source operated at 150 W. 

Analyser pass energy of 160 eV for acquiring wide spectra and a pass energy of 20 eV for 

individual photoelectron lines were used. The surface potential was stabilized by the 

spectrometer charge neutralization system. The binding energy (BE) scale was referenced 

to the C 1s line of aliphatic carbon, set at 285.0 eV. The spectra were processed with the 

Kratos software. Powder samples (ZA-8g, ZA-8g-ST and ZA-8g-STE) for the analysis 

were pressed into a pellet directly on a sample holder using a Ni spatula. 

3.4. Preparation of composite samples 
 Metal-oxide particles (0.1, 1 and 3 wt.% of the final formulation) and Irganox 1076  

(0.02 wt.% of the final formulation) were added to n-heptane. The slurry was ultra-sonicated for 

15 min at 23 °C, after which cryo-ground LDPE powder was added and the slurry was mixed 
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using a Vortex Genie 2 shaker (G560E, Scientific Industries) at 25 °C for 1 h. The mixture was 

dried at 80 °C overnight, after which it was shaken for 1 h. The powder obtained was melt-

compounded in a Micro 5cc Twin Screw Compounder (DSM Xplore) at 150 °C for 6 min with a 

screw speed of 100 rpm. The extruded nanocomposite was compression-moulded under a load of 

200 kN into a 80 µm thick film using a TP400 laboratory press (Fontijne Grotnes B.V., the 

Netherlands) at 130 °C for 10 min. The samples were finally cooled to 25 °C at a rate of  

10 °C min-1 while maintaining the compressive load. 

3.5. Characterization of composite samples 
 The crystallisation and melting of the nanocomposites were studied in a Mettler-Toledo 

differential scanning calorimeter DSC 1. The samples (5.0 ± 0.5 mg; enclosed in 100 μl 

aluminium pans) were heated at a rate of 10 °C min-1 from 25 to 150 °C and kept at this 

temperature for 5 min in nitrogen (flow rate = 50 mL min-1) in order to erase the effects of 

the previous thermal history. The samples then were cooled to −50 °C at a rate of  

1 °C min-1 to record the crystallization temperature and finally heated to 150 °C at a rate 

of 10 °C min-1 to record the melting temperature. The mass crystallinity (wc) of the 

polymer was determined according to the total enthalpy method:43 
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where ∆Hf is the measured melting enthalpy, ∆Hf
0 is the melting enthalpy for 100 % 

crystalline polyethylene (293 J g-1) 43 at the equilibrium melting point, T1 is an arbitrary 

temperature below the melting range, Tm
0 is the equilibrium melting temperature, wp is the 

mass fraction of polymer in the nanocomposite39 and cp,a and cp,c are respectively the 

specific heat capacities of the amorphous and crystalline components, which were 

obtained from Wunderlich and Baur.44 The crystallinity at a given temperature (wc(T)) 

within the melting temperature range was obtained according to the expression: 
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where ∆Hf (T) is the melting enthalpy associated with melting above temperature T, which 

was obtained by truncating the broad melting peak at this particular temperature. 
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 The crystal thickness (Lc) and amorphous thickness (La) associated with the melting 

peak temperature were calculated according to the Thomson-Gibbs equation:12 
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where Tm is the melting peak temperature, ρc = 1003.0 kg m-3 and ρa = 851.9 kg m-3 are the 

densities respectively of the crystalline and amorphous components and σ = 93 mJ m-2 is the fold 

surface free energy for linear polyethylene.45-46 

The concentration of effective antioxidant was assessed by determining the oxidation 

induction time (OIT) at 190 °C in a temperature- and energy-calibrated calibrated Mettler-Toledo 

DSC820. Each sample with a weight of 4–7 mg was enclosed in a 100 ml standard aluminium 

crucible with one hole in the cover, heated from 30 °C to 190 °C at a rate of 10 °C min-1 in a 

nitrogen atmosphere at a gas flow rate of 50 mL min-1, and allowed to rest for 5 min before the 

atmosphere was switched to pure oxygen with same flow rate. The samples were maintained at 

the constant temperature for 30 min, and the exothermal heat associated with oxidation was 

recorded. The OIT was determined as the time at the intersection between the isothermal baseline 

and the tangent at a deviation of 0.2 Wg-1 from the baseline. 

 Fracture surfaces obtained after cooling the specimens in liquid nitrogen were 

examined in a Hitachi S-4800 field emission scanning electron microscope in order to 

assess the particle dispersion in the polymer. The metal-oxide particles in the LDPE were 

identified manually using Adobe Photoshop CS4 (100–560 particles/aggregates per 

specimen), then the image was converted to black and white and exported to Matlab to 

assess the mean surface-to-surface inter-particle distance. The details of the method were 

presented by Pallon et al.26  

 The semi-crystalline structure was revealed on composites etched with permanganic 

acid using a 2 h etching with 10% (w/v) solution of potassium permanganate in  sulfuric 

acid, orthophosphoric acid and water mixture (10:4:1, volume fraction). 

 Stress-strain data for unfilled LDPE and its composites were obtained using an Instron 

5944 tensile testing machine equipped with a 50 N load cell. The tests were performed at 
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23 ± 1 °C and 50% RH using a strain rate of 50 % min-1. The cuboid specimens tested 

were 5 mm wide and 80 μm thick. The gauge length was 30 mm. 

3.6. Electrical conductivity measurements 
 The electrical conductivity measurements were performed by applying a 2.6 kV DC 

voltage from a power supply (Glassman FJ60R2) across the 80 µm thick film sample and 

measuring the current using a Keithley 6517A electrometer, as illustrated in Fig. 4. The 

electric field across the film was 32.5 kV mm-1. The detected current signal was recorded 

by LabVIEW software incorporated in a personal computer and the data were stored for 

further analysis. An oven was used to control the temperature, and an overvoltage 

protection secured the electrometer from damage due to possible overshoots and a low-

pass filter removed any high frequency disturbance. A three-stainless-steel-electrode 

system was used, in which the high voltage electrode was a cylinder with a diameter of 45 

mm; the current measuring electrode was 30 mm in diameter, and the guard ring 

eliminated surface currents. A good contact between the high voltage electrode and the 

film sample was obtained by placing an Elastosil R570/70 (Wacker) layer between them. 

The experiments were conducted at 60 °C for 4 × 104 s (11.1 h). 

 
Fig. 4 Schematic view of the test setup for measurements of volume electrical conductivity 
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4. Results and discussion 
4.1. Metal-oxide (ZnO and MgO) particles synthesis and surface modification 
4.1.1. ZnO aqueous precipitation  
 The present section has demonstrated the systematic studies on water-based synthesis 

of different ZnO nano/microstructures controlled by different reaction parameters 

including; used zinc salt precursor, alkaline/zinc salt precursor concentration ratio 

(CNaOH/CZSP) and reaction temperature. During evaluation of specific reaction parameter, 

other reaction conditions were identical. 

4.1.1.1. Effect of zinc salt precursor 
 Fig. 5 shows transmission electron micrographs of the ZnO particles synthesized in 8g 

batches (Table 1) at reaction temperature of 60 °C, from different zinc salt precursors. The 

uniform nanoparticles with an average size of 25 nm and cone-shaped prism morphology 

were obtained from the acetate precursor (ZA-8g). The chloride and sulphate based 

precursors yielded mixed morphologies of both 10–30 nm sized nano-prisms and petal-

shaped particles with an average size of 80–100 nm (ZC-8g and ZS-8g). The comparison 

between the number and volume size distributions showed that the large petal-shaped 

particles constituted a large volume fraction of the samples; whereas their contribution in 

number size distribution was not apparent. This implied that a few larger particles 

obtained from the chloride and sulphate salts had a significant impact on the volume 

distributions of the particles. Klaumünzer et al.47 suggested that these petals stemmed 

from an orientation of the nano-prisms along the c-axis which herein reached up to ca.  

300 nm in size, i.e. 10 times larger than the primary nano-prisms. The petals condensed 

into larger and well-defined star-shaped particles with an average size of ca. 500 nm in the 

case of zinc nitrate salt precursor (ZN-8g-SS). These submicron particles with a 

symmetrical habit consisted of c-axis oriented primary nanoparticles along each petal 

(spike) director, as shown by black arrows. Oliveira et al.48 observed the orientation of 

nanoparticles inside star-shaped particles in a kinetic study of the reaction between zinc 

nitrate and sodium hydroxide. Only a few nanoparticles deviating from perfect alignment 

was reported as a result of lattice imperfection, and improper stacking in contacting areas 

among the primary nanoparticles inside the larger particles.49 
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Fig. 5 Morphologies of ZnO particles formed from: (ZA-8g) zinc acetate (ZC-8g) zinc chloride; (ZS-
8g) zinc sulphate and (ZN-8g-SS) zinc nitrate together with relative number and volume frequency 
distribution of particle size; synthesized as 8g batches with CNaOH/CZSP of 2.5 at reaction 
temperature of 60 °C. 

 Fig. 6a shows the X-ray diffractograms of the samples synthesized from different zinc 

salt precursors. All the samples showed a single phase ZnO with clear diffraction peaks 

corresponding to the lattice planes in the Wurzite with a hexagonal cell structure, and 

crystallographic parameters of a = b = 3.254 Å, c = 5.210 Å, α = β = 90°; γ = 120° 

(inorganic crystal structure database; collection code # 067849). The unit cell of a mono-

domain particle from the ZA-8g sample (single nano-prism) with the interplanar spacing 

of 2.6 Å (half size of unit cell in c-axis) is shown in Fig. 6b. The absence of an amorphous 

halo and the sharpness of the peaks characteristic of ZnO indicated high crystallinity and 

high purity for all the particles. The crystal size, obtained from the Scherrer equation (Eq. 

1) based on the peak at 2θ = 34° corresponding to the (002) plane, showed the same 

average crystallite size of 22±1 nm for all ZnO particles regardless of the zinc salt 

precursor. This finding showed that larger particles (e.g. ZN-8g-SS, ZC-8g and ZS-8g) 

were of a polycrystalline nature and had been formed via the assembly of primary mono-

domain nanoparticles (nano-prisms). Fig. 6c shows the selected area electron diffraction 
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(SAED) pattern taken on the edge of star-shaped ZnO particle (ZN-8g-SS) confirming the 

c-axis orientation of primary nano-prisms. 

 
Fig. 6 a) X-ray diffractograms of ZnO particles synthesized from different zinc salt precursors; b) side view 
of acetate-derived mono-domain nano-prism; c) selected area electron diffraction pattern taken at edge of 
star-shaped particles derived from zinc nitrate salt. 

 The variation in morphology is attributed to the different abilities of the counter-ions 

from zinc salt precursor i. e. acetate, sulphate, chloride and nitrate to stabilize individual 

nano-prisms that are able to remain isolated during the full course of the reaction. The 

strong ability of the acetate ions to favour this stabilization has previously been suggested 

to originate from strong uni- and bi-dentate oxygen coordination bonding of the acetate 

ions to individual zinc atoms, or parallel bridging of the two oxygen atoms in the acetate 

ions.50 It is therefore suggested that the stabilization resulted from a formed amphiphilic 

capping layer around the nano-prisms, which potentially prevent extensive assembly of 

the particles into larger petal-shaped particle. The chloride, sulphate and nitrate ions had 

significantly smaller coordination capacity and further stabilization effect as compared to 

the acetate counter-ions. By reducing the concentration of the precursor to half (4g 

batches in Table 1), the possible “shielding effect” of chloride and nitrate counter-ions on 

the nano-prisms stabilisation was decreased and larger particles was obtained in 

comparison with 8g batches. In contrast, the acetate ions had a strong ability to stabilize 

the primary nanoparticles as separate nano-prisms during the reaction, and this ability was 

generic for all reaction yields from 2 to 10 g L-1 (Table 1) since all gave solitary individual 

nanoparticles in the sub-50 nm regime. 
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4.1.1.2. Effect of precursor concentration 
 Fig. 7 shows scanning electron micrographs of the ZnO particles synthesized in 4g 

batches (Table 1) at different sodium hydroxide and zinc salt precursors ratio (CNaOH/CZSP) 

at a reaction temperature of 60 °C. The stoichiometric reaction condition with CNaOH/CZSP 

of 2 resulted in octahedron-shaped particles (ZN-4g-OS) with average size of 1.5 μm. 

These octahedron-shaped particles were formed by twining process of petal-shaped 

particles during a second step after the orientation of the nano-prism into petal-shaped 

particles. Two plausible schemes were proposed for the formation of octahedron-shaped 

particles from petal-shaped particles. Yang et al. and Xie et al.51-52 suggested that the 

twins of petals after orientation nano-prisms interconnected via condensation of the wider 

base of the prisms/petals. On the other hand, Oliveira et al.48 proposed that half of 

octahedron-shaped particles (petals) were formed via aggregation of nano-prisms, and that 

the second half was then germinated on the wider base of the formed petal. 

 
Fig. 7 Morphologies of ZnO particles formed from zinc nitrate synthesized as 4g batches at reaction 
temperature of 60 °C with CNaOH/CZSP of 2, 2.5 and 5 respectively for ZN-4g-OS, ZN-4g-SS and ZN-4g-FS 
samples. The scale bar of 1 μm is same for all micrographs. 

 By increasing the concentration of alkaline precursor to more than stoichiometric value, 

the octahedrons showed sufficient local surface energy to allow additional petals to 

germinate from the centre of the octahedron, transforming into uniform star-shaped 

particles (ZN-4g-SS). The dominant states of Zn(II) ions in water medium at high pH are 

presented as Zn(OH)3
– and Zn(OH)4

2– species, which resulted in forming of fewer nuclei 

than that at stoichiometric conditions. These negatively charged hydroxide species 

provided the material for growth instead of nucleation, which resulted in morphologies 

with specific growth directions.53-55 The flower-shaped particles (ZN-4g-FS) were built up 

in a hierarchical manner by using high CNaOH/CZSP ratio of 5. The particles with average 

size of 1.5 μm were assembled from intersecting merging nano-sheets with an average 
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thickness of 25 nm. The nano-sheets inside the flower-shaped particles mostly interlaced 

and overlapped with each other at an angle of ca. 60°, resulting in a grid-like morphology. 

The grid-like morphology of the particles yielded a structure with high porosity and large 

specific surface area (Table 1). 

4.1.1.3. Effect of aqueous reaction temperature 
 Because the formation of flower-shaped particles (ZN-4g-FS) was too sudden to be 

followed by a kinetic study (the ZnO precipitates were appeared in few seconds after 

addition of alkaline source to zinc salt precursor solution), a series of experiments were 

developed in order to elucidate the influence of reaction temperature on the formation of 

the particles. Figs. 8a and b show that a reaction temperature of 20 °C resulted in 

hexagonal rods with the length of 1–3 µm and an aspect ratio of ca. 6, which indicated 

that the dominant growth was along the c-axis. The rod tips tapered to sharp points with 

exposed planes of {100} and {101} from the hexagonally arranged sidewalls {100}.56-57 

Occasionally rods were observed with tendency to show plate-like morphology in 

spherical clusters (Fig. 8b). The dominant growth direction resulting in rod-shaped 

particles suggested a less substantial initial nucleation. The rods grew evenly until ZnO 

formation along the c-axis increased and thereby resulted in the sharp tips. A possible 

dissolution and re-precipitation of ZnO (mainly Ostwald ripening mechanism) may have 

occurred, during the formation of the tapered rods.  

 The reactions at 40 and 60 °C yielded the flower-shaped superstructures by growth of 

the nano-sheets networks (Figs. 8 c–f). These nano-sheets showed in average thickness of 

20–25 nm with dominantly exposed {21̅0} planar surfaces. The nano-sheets “edges” 

perpendicular to the {21̅0} faces were designated as (100) and (001) planes.57 A broad 

size distribution ranging from sub micrometre to 6 μm was observed for the particles 

synthesized at the reaction temperature of 40 °C, whereas the reaction at 60 °C yielded 

uniform 1.5 μm particles (ZN-4g-FS). A two-step nucleation and growth process was 

reported for formation of flower-shaped particles.58 After an initial nucleation burst, an 

aggregation into submicron spherical particles occurred as the first step, the nano-sheets 

were then able to grow on the aggregated spherical particles surfaces’ along their c-axis in 

the second step. Figs. 8 g–j show the ZnO particles obtained at the higher reaction 

temperatures, i.e. 80 and 100 °C. The particles were much smaller than that of particles 
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synthesized at lower temperatures. By increasing the reaction temperature, more nuclei are 

formed, which is commonly observed for inorganic precipitation reactions beyond 

supersaturation.59 The higher concentration of nuclei did not allow for systematic oriented 

growth and resulted in a rapid aggregation of the nucleated nanoparticles into multigrain 

polycrystalline nanoparticles (polycrystalline nature).    

 
Fig. 8 Morphologies of ZnO particles formed from zinc nitrate synthesized as 4g batches with CNaOH/CZSP 
of 5 at different reaction temperature of (a, b) 20 °C, (c, d) 40 °C, (e, f) 60 °C, (g, h) 80 °C, (i, j) 100 °C. 

4.1.2. Characterization and removal of ZnO precipitation residues 
 Fig. 9 shows the ZnO particles formed from the different zinc salt precursors in 8g 

batches (Table 1) together with their reaction residuals, taken as aliquots from the reaction 
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suspensions (without cleaning). The different precursors generated non-ZnO phases that 

greatly differed in terms of their association with the surface of the ZnO particles. The 

residuals are referred to as hydrated salts of sodium (from the alkaline source of NaOH) 

with the respective counter-ions from the zinc salt precursor. All residual sodium salts 

showed lower solubility limits in water (20 °C) (NaCH3COO: 464 g L−1; NaCl: 359 g L−1; 

Na2SO4: 195 g L−1 and NaNO3: 876 g L−1) as compared to NaOH: 1090 g L−1.60 

Therefore, the observed residue contained more sodium salt than sodium hydroxide.  

 

Fig. 9 The preference of salt residuals on to the ZnO particle surfaces observed when deposited on TEM 
grids from reaction suspensions; a) acetate, ZA-8g; b) chloride, ZC-8g; c) sulphate, ZS-8g; d) nitrate, ZN-
8g-SS. The arrows point to the sodium salt residuals. 

 The sodium salt residuals from the acetate system showed the strongest preference on 

the particle surfaces and displayed 15–20 nm coverage on and between the particles (Fig. 

9a). The chloride-based residuals appeared as separate phase from the particles in lumps 

ca. 100–500 nm in size, however they were also found as a ca. 5–10 nm layers on the 

particles (Fig. 9b). The sulphate residuals were almost uniquely precipitated as uniformly 

shaped ovals separately from particles and showed significantly less affinity to the surface 
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of the ZnO crystals (Fig. 9c). The sodium nitrate residues appeared as 20–40 nm facetted 

solids with sharp edges being separated from particles. It is suggested the different shape 

of facetted residuals led a more extensive orientation of the primary nano-prisms into star-

shaped particles. The opposite behavior was suggested for the acetate counter-ions that 

stabilized the individual nano-prisms during the crystal growth and prevented their 

assembly to larger particles during synthesis. It is necessary to remove the reaction 

residues in the wet state prior to any sort of dried deposits of salt residuals on the particle 

surfaces. 

 
Fig. 10 a) The conductivity of the ZnO nanoparticle suspensions (normalized to yields): prior to, during and 
after particle cleaning (at fourth cycle). The top graph shows the UC (ultrasonic cleaning) and the bottom 
graph the TW (traditional washing) method. The inset in top right corner shows the linear correlation 
between suspension conductivity and precipitate concentration before cleaning. b) The hydrodynamic size 
of the aggregates in the suspensions from DLS measurements. c) Zeta potential and pH as a function of 
washing cycles, d) photograph of sedimentation characteristic of TW and UC cleaned particles after 48 h. 

 Fig. 10a (inset) shows that the conductivity for different yields of the acetate-derived 

particles was proportional to the concentration of remained precursor counter-ions after 

the reaction. Accordingly, the suspension conductivity was here used as representative 

parameter of the residual counter-ions. The acetate system was selected due to its 

preferential association to the particle surfaces and its ability to form uniform 

nanoparticles at different reaction yields (25 ± 10 nm, Table 1). Here, the efficiency of 

ultrasonic cleaning (UC) of the particles after different cleaning cycles was compared with 
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the more traditional repeated replacement of reaction supernatant with high purity water 

(TW), (Fig.10a, top and bottom). The conductivity of the suspensions decreased by 1.5–2 

orders of magnitude after the first cycle, followed by a decrease of one order of magnitude 

after the second cycle, regardless of the cleaning method. The overall decrease in 

suspension conductivity was about 3.5 orders of magnitude. There was slightly less scatter 

in the data for the UC method, but at the lower conductivities (after several cycles of 

cleaning), the conductivity approached that of Milli-Q water indicating almost no 

remained residual counter-ions in the medium. 

 Fig. 10b shows the average size of the aggregates present after each cleaning cycle for 

UC and TW methods. The ultrasonication cleaning resulted in aggregate sizes about one 

order of magnitude smaller those given by traditional washing (after the 4th cycle). The 

average cluster sizes of the ultrasonicated samples was ca. 200 nm for the more 

concentrated samples (8 g and 10 g), whereas the traditionally washed samples showed 

cluster sizes approximately 8 times larger; >1.5 μm for the same samples. It is here 

suggested that the large clusters/aggregates observed in the TW samples could be 

attributed to the precursor counter-ion from the synthesis, which remained in the interior 

of the traditionally washed particle clusters (aggregates). The ultrasonication resulted in 

an evenly fragmentation of particle aggregates between each cleaning cycle,61 leading to a 

more effective release of entrapped precursor salt counter-ions compared to traditional 

cleaning. The zeta potential of the UC samples after the last cycle also showed a 

significantly higher potential than the samples cleaned by traditional washing (Fig. 10c, 

inset). The higher zeta potential values (>+30 mV) in the UC samples resulted in a greater 

colloidal stability of the suspensions (particle/aggregate in water medium). This effect is 

mainly due to both reduction in medium ionic strength and formation of positively 

hydroxide surface for ZnO nanoparticles at neutral pH.62 Samples cleaned by 

ultrasonication were completely stable and still suspended after 48 hours due to 

electrostatic repulsion between the particles, whereas the particles completely sedimented 

in the TW samples (Fig. 10d).  

4.1.3. Thermal decomposition of zinc hydroxy salt (ZHS) into pure ZnO 
 After removal of reaction residues, the ZnO nanoparticles surfaces are covered with 

positively charged hydroxide phase at neutral pH (Fig. 10c). The hydroxide groups are 
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still stabilized by few anions remaining from the zinc salt precursors even after 

ultrasonication cleaning. These species form quasi-crystalline zinc hydroxy salt (ZHS)63-66 

with a composition depending on the zinc salt precursor anion. The ZHS decomposes by 

the release of water and ionic species into pure ZnO during high-temperature annealing.63, 

65 Fig. 11 (upper diagram) shows the normalized mass plotted as a function of temperature 

for acetate and nitrate derived particle systems (ZA-8g and ZN-8g-SS). The total mass 

losses of less than 3 % in the thermograms were divided into a low (30–185 °C) and a 

high temperature (185–800 °C) regions. The former was assigned to the removal of 

loosely bound water on the nanoparticle surface, and the latter was attributed to 

decomposition of ZHS into ZnO.63 The greater mass loss of the acetate-derived 

nanoparticle system (ZA-8g) in the low temperature region was due to the larger surface 

area (34 m2 g–1) accessible for water sorption in this sample than in the sample based on 

the densely packed oriented nanoparticles (ZN-8g-SS) (13 m2 g–1). The mass loss in the 

high temperature region was 2.5 % regardless of the nanoparticle orientation, which 

suggests that the hydroxyl group concentration on the primary nanoparticles was the same 

in the two systems. 

 
Fig.11 Normalized mass plotted as a function of temperature as revealed by TG for the different 
prepared ZnO particles. Dashed and solid arrows indicate the low and high temperature ranges. 
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 The zinc hydroxide species is an intermediate material for growth during ZnO particles 

precipitation.67-68 For the acetate system, the final amount of ZHS around ZnO 

nanoparticles increased by a decrease in the concentration of zinc acetate precursor 

solution during aqueous precipitation.68 Fig. 11 (lower diagram) shows the normalized 

mass plotted as a function of temperature for acetate derived ZnO nanoparticles 

synthesized using different concentrations of the zinc acetate precursor (Table 1). The 

mass loss curves showed four distinct regions of mass loss: 30–185 °C (loosely bound 

water), 185–380 °C, 380–600 °C and 600–800 °C (decomposition of ZHS into ZnO). 

Moezzi et al63 reported that acetone, acetic acid, acetic anhydride and water evaporated in 

three steps at high temperatures during the thermal decomposition of ZHS into ZnO. The 

different products indicated that the ZHS structure was Zn5(OH)8(C2H3O2
−)2.2H2O.63, 69 

The proposed chemical reaction for the decomposition of ZHS into ZnO is: 

Zn5(OH)8(C2H3O2
−)2.2 H2O (s) → 5 ZnO (s) + 2 H (C2H3O2

−) (g) + 5 H2O (g) (6) 

 According to the stoichiometry of this decomposition reaction, the measured high-

temperature (> 185 °C) mass loss of 2.5 % from ZA-8g indicated that 7.3 % of the ZnO 

nanoparticles were covered by ZHS (assuming that the particles are spherical and ZHS 

species are covered evenly on particle surfaces’). The calculated ZHS thickness on the 

ZnO nanoparticles surface was close to 1 nm. A thickness of 1 nm corresponds to one 

atomic layer of ZHS on the surface of a ZnO nanoparticle.70 

 
Fig. 12 IR spectra of ZnO particles a) synthesized from nitrate and acetate zinc salt precursors in 
8g batches before (continuous curve) and after (dotted curve) heat treatment at 600 °C in air; b) 
synthesized from different concentrations of zinc acetate precursor. 
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 Fig. 12a shows the IR spectra of for acetate and nitrate derived particle systems (ZA-8g 

and ZN-8g-SS) before and after heat treatment in air at 600 °C. The absorbance band at 

450–600 cm–1 is assigned to the Zn–O stretching and the absorbance band at 880 cm–1 

originates from the stretching vibration of Zn–OH.71 Two different interaction types of 

OH groups on the surface of ZnO particles surface have been reported:72 (i) the 3000–

3650 cm–1 band is due to reversible dissociative adsorption of hydrogen on both O and Zn 

sites; and (ii) the 1610–1630 cm–1 band is due to chemisorbed water. The broad peak at ca. 

1365 cm–1 corresponds to the nitrate anion vibration for ZHS structure,70 which were 

found in the spectrum of ZN-8g-SS. The two broad absorbance peaks at 1380–1390 cm–1 

and 1480–1510 cm–1 are assigned to the C–O and C=O stretching vibrations in the acetate 

anion,70, 73 which were present in the spectrum of ZA-8g. The high concentration of 

acetate anions in ZA-2g, as indicated by TG (Fig. 11b), was also supplied by IR; the three 

intensities assigned to C–H stretching (2850–2990 cm–1) were greatest for this particular 

sample. The heat-treated samples showed almost none of the absorbance bands assigned 

to the ZHS structure (Fig. 12a). 

 
Fig. 13 Scanning electron micrographs of (a–c) pristine (ZA-8g) and (d–f) C18-coated ZnO nanoparticles 
(ZA-8g-C18) after heat treatment for 1 h at different temperatures in nitogen. 

 
4.1.4. Modified heat treatment to achieve ultra-pure ZnO nanoparticles 
 A heat treatment is thus efficient to transform the nanoparticles with a surface ZHS 

phase into pure ZnO, but the disadvantage is the accompanying undesirable nanoparticle 

27 
 



sintering leading to larger particles/grains.37 Herein, the silica-based coating on ZnO 

nanoparticles was proposed before heat treatment in order to retain the nm sizes; 

meanwhile the ZHS complex on the particle surfaces was transformed to pure oxide. Fig. 

13 shows scanning electron micrographs of ZnO nanoparticle (ZA-8g) with and without 

C18-silane coating on the nanoparticle surfaces, which were heat-treated for 1 h at 

different temperatures. The average size of the ZnO nanoparticles without coating was 

essentially unaffected by heat treatment at 600 °C. More subtle changes in the particles 

occurred, such as a rounding of the sharp edges of the nanoparticles. The grain size of 

uncoated nanoparticles increased sharply with increasing heat treatment temperature 

above 800 °C. The silane coating on ZnO nanoparticle surfaces lowered the grain growth, 

and the sintering occurred at temperatures above 800 °C. 

Fig. 14 High resolution XPS spectra for synthesized ZnO nanoparticles (ZA–8g), silica–coated 
nanoparticles after the heat treatment at 600 °C (ST) and sample etched with NaOH solution 
(STE). 

 A silane coating is an effective way of impeding the grain growth during heat 

treatment; however it is necessary to remove the silica layer in order to produce the ultra-

pure ZnO nanoparticles with an active hydroxylated surface. The presence of the hydroxyl 

groups on ZnO surfaces is of paramount importance due to their pronounced effect on the 

chemical activity of the nanoparticles in nanocomposites.72 Figs. 14a–c show the high 

resolution spectra of the C 1s, Si 2p and O 1s photoelectrons for the synthesized 

nanoparticles (ZA-8g), the silica–coated nanoparticles after heat treatment at 600 °C (ST) 

and the sample etched with NaOH solution (STE). The C 1s region shows two peaks for 

the ZA-8g sample at 285.0 and 288.9 eV due to C–C and C=O bonds 74 in acetate groups 

on the ZnO nanoparticle surfaces as ZHS phase.75 These peaks were absent after 

coating/heat treatment of the ST sample indicating that ZHS species had been removed by 
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the heat treatment. The Si 2p region shows that the silica peak at 102.4 eV was absent 

after the etching of ZnO nanoparticles surfaces with NaOH solution. The O 1s region 

shows one peak at 530.0 eV with a large shoulder at 531.4 eV for the ZA–8g sample, 

assigned to O2– ions in the Wurtzite structure and OH groups on the synthesized ZnO 

nanoparticle surfaces, respectively. The peak (shoulder) assigned to hydroxyl groups 

almost disappeared after coating/heat treatment of the ST sample. This peak reappeared 

after etching the silica layer in the STE sample, indicating a hydroxylated surface of the 

final ZnO nanoparticles. The coating-heat treatment-etching process thus provided the 

nano-sized ZnO particles with activated hydroxyl surfaces without the presence of 

associated ionic species. 

4.1.5. Characterisation of functional silane-coated ZnO nanoparticles 
 Three alkyl-containing silanes – methyltrimethoxysilane (C1), octyltriethoxysilane (C8) 

and octadecyltrimethoxysilane (C18) – were used to tailor the surface properties of ZnO 

nanoparticles (ZA-8g). Fig. 15a shows the infrared spectra of the pristine and silane-

coated nanoparticles. The C–H stretching bands at 2800–3000 cm–1 were present in the 

spectra of the silane-coated nanoparticles, but the spectrum of the pristine nanoparticles 

showed no such bands. The spectrum of the C1-coated nanoparticles showed absorption at 

1270 cm–1, which is assigned to the Si–CH3 stretching vibration.76 The spectrum of the C8 

and C18-coated nanoparticles also showed a peak at 1470 cm-1 assigned to the CH2 unit 

not covalently bonded to silicon, due to terminal alkyl group of the silane.77 An absorption 

band at 1120 cm–1 assigned to the Si–O–Si stretching vibration which indicated the 

formation of a cross-linked silicon oxide structure on the nanoparticle surfaces,39 was not 

present in the spectra of any silane coated nanoparticles (Fig 15a). Hence, most of the 

silanol groups of the hydrolysed silanes condensed with the hydroxyl groups on the 

nanoparticle surfaces, rather than reacting with other silanol groups to form a cross-linked 

coating layer around the particles. The absence of the Si–O–Si stretching band in the 

spectra of coated nanoparticles also suggested that these coatings were monolayers.39 The 

silane coatings of ZnO nanoparticles with the thickness ca. 2 nm were shown by high 

resolution TEM presented elsewhere.38  
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Fig. 15 a) Infrared spectra and b) normalized mass plotted as a function of temperature obtained as 
revealed by TG for ZnO nanoparticles (ZA-8g) with different surface coating. 

Table 3. Coverage of silanes on ZnO nanoparticles (ZA-8g) 

Sample Mass loss at 800 °C  

(%) a 

Silane coverage  

(μmol m–2) 

Silane coverage 

(molecules (nm)–2) 

Pristine 1.9 - - 

C1-coated 2.3 5.2b (11.1 c) 8.6b (18.4 c) 

C8-coated 2.8 1.5b (1.6 c) 2.5 b (2.6 c) 

C18-coated 6.6 3.4 b (3.5 c) 5.6 b (5.8 c) 
a. The mass loss normalized to the value at 140 °C in order to remove the effect of loosely bound water. 
b. The calculation was based on the mass loss between uncoated and silane coated nanoparticles were due to only the degradation 
of hydrocarbon moieties (R group in RSiO1.5 coatings) 
c. The calculation was based on assuming that the inorganic part of the silane SiO1.5 was oxidized to silica (SiO2) 

 Fig. 15b shows the normalized mass plotted as a function of temperature for pristine 

and silane-coated ZnO nanoparticles (ZA-8g) after normalization to the mass loss value at 

140 °C. Since all nanoparticles regardless of coating had showed a mass loss at 20–140 °C 

due to removal of loosely bound water, the curve values was normalized to the mass loss 

value at 140 °C. The mass loss at 140–800 °C was attributed to removal of hydroxyl 

groups in the case of pristine nanoparticles. Since, the hydroxyl groups were dominantly 

condensed with the silanes during coating of the nanoparticles; the mass loss at 140–800 

°C for coated nanoparticles was due to silane transformation into a silica layer. The silane 

coverage on the nanoparticle surfaces was calculated by normalizing the amount of silane 

molecules with respect to the surface area of the ZA-8g nanoparticles, 34 m2 g-1, (Table 

3). The C1- and C8- coated nanoparticles respectively had the highest and lowest 

coverage of silane on the nanoparticle surface. In order to compare the surface 
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functionality of the nanoparticles, the C8-coated and uncoated nanoparticles were 

dispersed in two-phase system of water/heptane (Fig. 15b inset). The C8-coated 

nanoparticles with applied octyl-functional silsesquioxane coating dispersed completely in 

heptane phase (non-polar), whereas uncoated nanoparticles with hydroxyl groups on the 

surfaces’ showed their miscibility in water (polar). 

 
Fig. 16 Transmission and scanning electron micrographs of a) Mg(OH)2 nanoparticles, MgO 
particles after dehydration at b) 400 °C (first step) and c) 1000 °C (second step) heat treatments. 

4.1.6. Morphology of synthesized Mg(OH)2 and MgO nanoparticles 
 Fig. 16 a–c shows the morphology of the Mg(OH)2 and the MgO after the first and 

second step heat treatment at 400 °C and 1000 °C, respectively. The Mg(OH)2 

nanoparticles showed a hexagonal habit with an average size of 43 nm within the (001) 

plane and a thickness of 10–20 nm along the [001] direction. The Mg(OH)2 nanoparticles 

transformed into ca. 90% pure MgO platelets via dehydration and rearrangement of the 

crystal lattice during the treatment at 400 °C, i.e. to cubic close-packed (CCP) crystallites 

with a cuboid shape inside the platelets. Naono78 reported a contraction of 49 % along the 

[001] direction of Mg(OH)2 as a result of a similar heat treatment at 400 °C. During the 

dehydration associated with the contraction, open slit-shape mesopores formed between 
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the cuboid MgO crystallites, while the hexagonal framework was retained (Fig. 16b). The 

crystallites overlap and interact by covalent bonds between the MgO and the residual 

layered Mg(OH)2 phase, which has been reported to result in a framework strength of ca. 

50 MPa.79 The residual Mg(OH)2 transformed completely into MgO during the second 

heat treatment at 1000 °C, while undesirable simultaneous sintering of the platelets 

occurred into cubic particles with an average size of ca. 150 nm (Fig. 16c).  

 
Fig. 17 Scanning electron micrographs of a) Mg(OH)2, b) MgO-CD400, c) MgO-CD1000 and d) 
MgO-C18-1000. The insets show the particle size distribution. 

 A novel method, modified two-step heat treatment, was developed by using C18-silane 

coating of partially-transformed MgO nanoparticles prior to a high temperature heat 

treatment in order to avoid undesirable inter-particle sintering and with preserved surface 

activity. Figs. 17 a–c present the scanning electron micrographs of Mg(OH)2 nanoparticles 

and ultimately formed MgO particles after their heat treatment at 400 and 1000 °C, 

respectively (MgO-CD400 and MgO-CD1000). The size and morphology of the MgO 

particles obtained by single-step heat treatment were compared to MgO particles that were 

achieved by modified two-step heat treatment (MgO-C18-1000, Fig. 17d). The first step 

was carried out at a lower temperature of 400 °C in order to minimize the particle growth 

which resulted in MgO nano-platelets (Fig.17b). The silicone oxide (C18-) coating of 
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these platelets prior to the second heat treatment at 1000 °C resulted in 2.35 times larger 

specific surface area and 62 % smaller particles compared to that obtained by the 

conventional single-step heat treatment (Figs. 17 c and d, Table 4). The MgO 

nanoparticles prepared by the modified two-step heat treatment had an average size of  

58 nm and a specific surface area of 40 m2g-1. These values were close to the values of the 

Mg(OH)2 nanoparticles, 43 nm and 44 m2g-1. It is suggested that the modified two-step 

procedure, which resulted in fully-transformed MgO, hindered undesirable sintering and 

preserved the surface area of the Mg(OH)2 nanoparticles during the final heat treatment. 

Table 4 Characteristics of Mg(OH)2 and MgO Particles. 

Sample Particle size  

(nm) 

BET surface area  

(m2 g-1)  

Crystal size a  

(nm) 

Volume of  unit-cell  

(Å3) 

Mg(OH)2 43±14 b 44 - - 

MgO-CD400 72±16 c 167 9 75.6 

MgO-CD1000 149±60 c 17 39 75.2 

MgO-C18-1000 58±16 c 40 29 75.2 
a Crystal size was calculated by the Scherrer equation (Eq. (1)) applied to the X-ray diffraction peak at 42° originating 
from the (200) planes (Fig. 19c). 
b Nanoparticle size measured over the (001) plane as revealed by TEM (Fig. 16a).   
c Particle size as revealed by SEM (Fig. 17).  

 
Fig. 18 Nitrogen adsorption (red filled squares)-desorption (blue open squares) isotherms for a) 
Mg(OH)2-CD, b) MgO-CD400, c) MgO-CD1000 and d) MgO-C18-1000. Inset: the corresponding 
BJH (Barret-Joyner-Halenda) pore size distribution. 
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 Figs. 18 a–c show nitrogen adsorption/desorption isotherms together with the 

corresponding Barret-Joyner-Halenda (BJH) pore size distributions (inset graphs) of the 

Mg(OH)2 nanoparticles (Fig. 18a), and of the MgO particles formed after the heat 

treatments at 400 and 1000 °C (Figs. 18 b and c). All the samples conformed to the type 

III isotherm with small H1 hysteresis loops at P/P° > 0.85, suggesting that the particles 

had a uniform size.36, 80 A small H3 hysteresis loop at 0.4 < P/P° < 0.7 was observed in the 

case of MgO prepared at 400 °C, suggesting that small mesopores with a slit shape 

remained after the thermal annealing.81-83 These data were consistent with the observation 

of open and parallel pores between the primary MgO crystallites inside the hexagonal 

platelets, Fig. 16b. The small and open mesopores, which resulted in a large specific 

surface area of 167 m2g-1, coexisted with residual layered hydroxide,78 which had to be 

removed in order to obtain a fully-dehydrated MgO particles. The single-step heat 

treatment of Mg(OH)2 at 1000 °C showed no sign of mesopores but the specific surface 

area dropped sharply from 44 to 17 m2g-1 (Table 4). Fig. 18d shows that the modified two-

step heat treatment successfully removed the mesopores and residual hydroxide phase 

while retaining the specific surface area of the Mg(OH)2 nanoparticles.  

4.1.7. Thermal decomposition of Mg(OH)2 into MgO  
 Fig. 19a shows the normalized mass plotted as a function of temperature for the 

Mg(OH)2 and the C-18 silane coated MgO nanoparticles after the 400 °C thermal 

decomposition. Mg(OH)2 showed three main mass loss regimes that could be associated 

with a step-wise dehydration of magnesium hydroxide into the oxide phase: 275–375 °C 

(26.2 wt.%), 375–750 °C (3.8 wt.%) and 750–825 °C (1 wt.%). For the silane-coated 

MgO sample (MgO-C18) that had been pre-heated at 400 °C, only two mass losses 

occurred at 200–475 °C (8.1 wt.%) and 750–875 °C (2.7 wt.%). These mass losses were 

due to transformation of the condensed silane coatings into a silica layer after degradation 

of the hydrocarbon functional units, and thermal decomposition of the small amount of 

remaining layered Mg(OH)2, respectively. Since the mass loss at 375–750 °C was not 

observed in the case of the MgO-C18 sample (with reference to Mg(OH)2), it is suggested 

that the silica layer shifted the removal of residual water and layered hydroxide to a higher 

temperature (> 750 °C). 
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Fig. 19 a) Normalized mass plotted as a function of temperature as revealed by TG, b) IR spectra 
and c) X-ray diffractograms of Mg(OH)2 and different formed MgO particles; d) normalized mass 
plotted as a function of temperature, e) IR spectra and f)  X-ray diffractograms of differently 
prepared MgO particles after exposure to humid air (RH 50%, 1 week). The arrows show the 
layered hydroxide phase. 

 The infrared spectroscopy confirmed the transformation of Mg(OH)2 into MgO by 

different thermal treatment (Fig. 19b). The intense absorbance band at 3660–3800 cm-1 

was assigned to the O–H stretching of the surface hydroxyls. The MgO particles obtained 

by a single-step heat treatment at 1000 °C (MgO-CD1000) showed none of the absorbance 

band assigned to the hydroxide phase. The silane-coated MgO (MgO-C18) showed three 

absorption peaks between at 2850–2990 cm-1 assigned to C–H stretching,38 and one peak 

at 1468 cm-1 assigned to CH2 units not covalently bonded to a silicon atom77 (within the 

C18H37– terminal alkyl group of the silane). The heat treatment at 1000 °C resulted in the 

removal of the alkyl group absorbance bands; see MgO-C18-1000. The two intense peaks 

at 1033 and 1076 cm-1 were due to stretching of the Si–O–Si groups in the silica layer 

formed by the heat treatment at 1000 °C.77 This silica layer partially covered the MgO 

nanoparticles.38 In contrast to the MgO-C18 particles with a trace peak at 3660–3800 cm-1 

(shown by the arrow), the MgO-C18-1000 particles showed no absorbance band assigned 

to the layered hydroxide, which indicated that the MgO nanoparticles were completely 

35 
 



dehydrated. Fig. 19c showed that the brucite crystal structure of Mg(OH)2 was completely 

transformed into the cubic crystal structure of MgO as revealed by X-ray diffraction. The 

small amount of layered Mg(OH)2 in the MgO-C18 particles (indicated by the arrow) was 

also erased as a result of the heat treatment at 1000 °C (MgO-C18-1000). A small peak 

shift towards higher diffraction angles, i.e. to shorter interplanar distances and thus a 

smaller unit cell volume was observed in all the samples after the heat treatment at 1000 

°C (Table 4). The shrinkage of the unit cell was attributed to the relaxation of defects 

inside the crystal unit cell e.g. magnesium and oxygen vacancies.19, 36, 84  

 
Fig. 20 Scanning electron micrographs of (a-c) Mg(OH)2 and (d-f) OTMS-coated MgO-CD400 
(MgO-C18) nanoparticles after heat treatment for 1 h at different temperatures. 

 Fig. 20 shows electron micrographs of Mg(OH)2 thermally decomposed into MgO at 

400, 600 and 800 °C (top), in comparison with the silane-coated MgO nanoparticles 

(MgO-C18) (bottom). As noted before, most of the Mg(OH)2 was decomposed into highly 

porous MgO platelets at 400 °C, resulting in a hexagonal framework. The intra-platelet 

mesopores among the MgO crystallites were removed at 400–600 °C, while the hexagonal 

platelet habit remained intact. The hexagonal framework fragmented partially into sub-

nanoparticles ca. 20 nm in size at 800 °C. Itatani et al79 attributed the collapse of the 

platelet framework to the removal of residual layered hydroxide, which had created bonds 

between cuboid MgO crystallites. After fragmentation when the thermal decomposition 

was complete (> 800 °C, shown by TG, Fig. 19a), the individual sub-nanoparticles began 
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to rearrange and sinter into submicron particles at 1000 °C (Fig. 17c). The silica coating 

encapsulated the platelets after exposure to 600 °C (Fig. 20e, TEM inset, shown by 

arrows), and hindered inter-platelet sintering. From the micrographs, it is evident that the 

fragmentation of the platelet into ca. 20 nm particles which was observed during the 

conventional single-step heat treatment at 800 °C never occurred when the silica coating 

was present. It was also shown by TG that the removal of residual layered hydroxide 

shifted to higher temperatures (> 750 °C) due to presence of the silica coating. Therefore, 

it is suggested that the silica coating on MgO platelets increased the strength of the 

platelet, and thereby inhibited extensive fragmentation of the platelets and removal of 

residual layered hydroxide in the temperature range 600–800 °C.  

4.1.8. Resistance of MgO nanoparticles to humidity  
 Fig. 19d shows the normalized mass plotted as a function of temperature for the 

different MgO particles after exposure to humid air for 1 week (50 % RH at 23 °C). The 

MgO nanoparticles prepared by heat treatment at 400 °C (MgO-CD400) showed three 

main mass losses at 25–200 (8.5 wt.%), 275–375 (11 wt.%) and 750–875 °C (2 wt.%). 

The relatively large mass loss at 25–200 °C was due to loosely bound water, which was 

previously shown to occur as a result of the immediate adsorption of water molecules on 

the large surface area MgO nanoparticles.85-86 The mass loss at 275–375 °C was assigned 

to thermal decomposition of Mg(OH)2 formed via the re-hydration. According to the 

stoichiometry of the re-hydration reaction, 24.4 % of the MgO nanoparticles transformed 

back to Mg(OH)2 during exposure for one week to air at 50 % RH. The particles prepared 

by the one-step heat treatment at 1000 °C (MgO-CD1000) showed a transformation of 

only 1.8 % of MgO into Mg(OH)2. The nanoparticles with a partial silica coverage 

prepared by the modified two-step heat treatment (MgO-C18-1000) showed essentially no 

sign of a hydroxide phase after exposure to humid air.  

 The MgO nanoparticles prepared by heat treatment at 400 °C (MgO-CD400) showed 

narrow IR peak at 3700 cm-1 due to the O–H stretching of Mg(OH)2 formed by the re-

hydration (Fig. 19e, indicated by arrow). The absorbance at 3200–3600 cm-1 was 

attributed to O–H stretching of adsorbed water, and clearly increased after the exposure to 

humid air (Figs. 19 b and e). The peaks centred at 850, 1460 and 1650 cm-1 originated 

from different forms of dissociation of CO2 and water into carbonate and hydrogen 
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carbonate species on the MgO nanoparticle surfaces.87 The intensity of the XRD-peak at 

2θ = 31.6°, corresponding to the (100) crystal plane of the Mg(OH)2, was not changed 

after exposure to moist air of the sample prepared at 400 °C (Fig. 19 c and f, indicated 

with arrow). Since, the amount of the hydroxide phase formed was according to TG 

results larger than the X-ray detection limit (e.g. 3 nm),35 the Mg(OH)2 formed on MgO 

nanoparticles during the humidity exposure must have had an amorphous structure. The 

two MgO samples prepared at 1000 °C showed only very weak absorbance bands in the 

3200–3600 cm-1 and 1500 cm-1 regions, assigned to the formation of Mg(OH)2 and 

adsorbed water and CO2 molecules in the humid environment. Hence, the heat treatment 

at 1000 °C was essential to obtain MgO particles resistant to humidity and CO2.  

4.2. Characterization of LDPE composites containing metal-oxide particles 
4.2.1. LDPE/ZnO composites 
 Figs. 21 a–c show scanning electron micrographs of ZnO nanoparticles (ZA-8g) 

together with LDPE composites based on the 3 wt.% uncoated and C-8 coated 

nanoparticles. The composite based on the C8-coated ZnO nanoparticles (ZA-8g-C8) 

showed very uniform particle dispersion in the semi-crystalline LDPE; the agglomerates 

were mostly smaller than 100 nm (Fig. 21c). The cryo-fractured of all composites based 

on coated nanoparticles (C1, C8 and C18) showed almost no sign of big aggregates (the 

particle dispersion were presented in Fig. 27c inset); whereas the composites which 

contained uncoated ZnO nanoparticles (ZA-8g) showed big aggregates sized 1–50 μm 

(Fig. 21b). The applied shear force during extrusion (150 °C) was not sufficient to break 

uncoated ZnO nanoparticles hard aggregates into solitary particles, but the compatibility 

between LDPE and hydrophobic surface of coated ZnO nanoparticles resulted in no major 

aggregation. The dispersion of the coated nanoparticles (25 nm) in the LDPE matrix was 

assessed by determining the mean surface-to-surface inter-particle distance (IPD) from an 

examination of scanning electron micrographs. The details of the method have been 

presented by Pallon et al.26 The much lower IPD for the nanoparticle composite systems 

indicated their high interfacial surface area with LDPE matrix. The lower distance values 

for the nanocomposites based on 3 wt. % of C1- and C8- coated nanoparticles (ca.  

140 nm) indicated a their better particle dispersion than of the C-18 coated nanoparticles 

in the LDPE matrix (ca. 260 nm). 
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Fig. 21 Scanning electron micrographs: a) ZnO nanoparticles (ZA-8g); b) LDPE/3 wt.% ZA-8g 
nanoparticles; c) LDPE/3 wt.% ZA-8g-C8 nanoparticles; d) Stress-strain curves of unfiled LDPE and LDPE 
nanocomposites filled with 3 wt.% of ZnO nanoparticles with different surface coating; Scanning electron 
micrographs of neck region from stretched nanocomposite samples based on 3 wt.% of: e) C8-coated 
(ZA-8g-C8); f) C18-coated (ZA-8g-C18). 

 In order to gain more information about the interfacial adhesion between nanoparticles 

and LDPE matrix, tensile testing was performed (Fig. 21d). The composites based on 

uncoated nanoparticles showed much lower strain-at-break with reference to pristine 

LDPE, indicating their poor interfacial adhesion due to presence of big aggregates and 

voids. All samples showed a stress drop in stress-strain curve after the first yield point. 

Liu et al39 observed the cavitation around particles in the LDPE/Al2O3 nanocomposites at 

the strain of the second yield point. Here, the higher strain for cavitation was observed for 

LDPE nanocomposites based on C8- and C18-coated nanoparticles, which suggested that 

the strongest interfacial adhesion occurred between nanoparticles and LDPE matrix in 

these nanocomposite samples. The long chain of these silanes on the surface of the 

nanoparticles increased the surface hydrophobicity, which enhanced their compatibility 
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(adhesion and dispersion) with the LDPE matrix. The nanocomposite films based on C8 

and C18-coated nanoparticles were strained to 100%, which was higher than the strain of 

the second yield point, and the films stretched with a sign of necking. Very few voids 

were observed around the C8-coated nanoparticles in the necked area (Fig. 21e); whereas 

the micron-sized voids were detected at LDPE/C-18 coated nanoparticles interface (Fig. 

21f). This finding together with dispersion evaluation suggests that the interfacial 

adhesion in the composites based on C8-coated nanoparticles was greater than that of 

other nanocomposite systems. 

 
Fig. 22 Scanning electron micrographs a) submicron star-shaped particles (ZN-8g-SS), b) heat-treated 
submicron star-shaped particles (ZN-8g-SST), insets: corresponding BJH (Barret-Joyner-Halenda) pore 
size distribution as revealed by BET, c) LDPE composites based on micron-sized star-shaped particles 
(ZN-4g-SS), d) LDPE matrix with de-bonded star-shaped particle; dispersion state of: e) LDPE/3wt.% 
submicron particles, f) LDPE/3wt.% micron-sized particles. 

 Fig. 22 shows scanning electron micrographs of ZnO star-shaped particles together 

with their LDPE composites. As it noted before, the as-synthesized star-shaped particles 

(ZN-8g-SS and ZN-4g-SS) with a symmetrical habit consisted of c-axis oriented primary 

nanoparticles along each petal (spike) director, where the intra-particle pores placed 
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among the primary nanoparticles with an average size of 3.5 nm. The intra-particle 

porosity of submicron star-shaped particles completely was removed via heat treatment at 

600 °C while the star shape of the particles retained (ZN-8g-SST). The removal of the 

porosity due to heat treatment reduced the surfaces area from 13 to 4 m2g-1 (Table 1). The 

submicron and micron sized star-shaped ZnO particles regardless of heat treatment 

showed good dispersion without any aggregation, while no coating applied on their 

hydrophilic surfaces’ (Figs. 22 e and f). The size of the pores in as-synthesized star-

shaped particles is much smaller than calculated bulk gyration radius, Rg, of polyethylene 

chain (10.9 nm)88 showing that the polyethylene macromolecules were unable to fit into 

the 3.5 nm sized pores. This finding suggests that the pores, which increased enormously 

the specific surface area of the as-synthesized star-shaped particles, had not any 

contribution to interfacial surface area in the LDPE composite system. 

 
Fig. 23 DSC thermograms recorded at constant temperature (190 °C) for the LDPE and its composites 
based on different ZnO particles with specific concentrations. The gas switch from N2 to O2 occurred after 
ca. 5 min as indicated in the graph. 

 The adsorption degree of phenolic antioxidant (Irganox 1076) onto the ZnO 

nanoparticles and micron-sized star-shaped was assessed by OIT measurements. Fig. 23 

shows the isothermal DSC traces for the LDPE composites as compared to pristine 

polyethylene containing the same amount of antioxidant as the composites. The reference 

unfilled LDPE showed an OIT of 10.5 min. The uncoated ZnO nanoparticles (ZA-8g) 

showed a significant reduction in OIT by adsorption of antioxidants; however the 

nanocomposites which contained coated nanoparticles (ZA-8g-C8) showed a small 
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reduction in OIT in comparison with the reference sample. The uncoated star-shaped 

particles (ZN-4g-SS) showed less adsorption of antioxidant in its composite system 

compared to the uncoated nanoparticles (ZA-8g). It was shown that the 12 wt. % of 

micron-sized ZnO particles in LDPE has the adsorption capacity of antioxidant similar to 

the 3 wt. % of ZA-8g nanoparticles. The nano-sized pores (3.5 nm) among the primary 

nanoparticles in these micron-sized particles, which provided the fairly large specific 

surface area, were also not accessible to the large antioxidant molecules as same as 

polyethylene chains.  

 
Fig. 24 Scanning electron micrographs: a) ZnO flower-shaped particles (ZN-4g-FS); b) LDPE 
composite; c,d) acid etched composites, the arrows show the radial direction of dissolved ZnO 
particles. 
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In order to show the influence of effective porous structure of ZnO particles and its interfacial 

surface area within the LDPE matrix, the micron-sized hierarchical ZnO particles with a structure 

referred to as flower-shaped (ZN-4g-FS) were synthesized, see section 4.1.1.3. Fig. 24a shows 

that the hierarchical structure of flower-shaped particles assembled from nano-sheets resulting in 

nano-sized pores with 10–50 nm in size being accessible for the polyethylene macromolecules 

chain. As can be seen in the composite micrograph, the pores were filled completely with LDPE 

matrix showing their high interfacial surface area (Fig. 24b). This large interfacial surface area 

resulted in high interfacial surface adhesion at porous hierarchical particles and LDPE matrix 

interface; whereas star-shaped particles with ineffective interfacial surface area were de-bonded 

from the matrix at fractured surfaces, (Fig. 22d). The micrograph of the composites based on 

flower-shaped particles after acid etching revealed the crystalline morphology of LDPE at ZnO 

particle/polymer interface (Figs. 24 c and d). The higher magnification at the interface 

demonstrated the alignment of the LDPE crystals showing the reduced free energy for nucleation 

at the melt/particle interface89 due to their highly effective interfacial surface area.   

 
Fig. 25 Scanning electron micrographs of cryo-fractured surfaces of LDPE composites filled with 3 
wt. % of a) MgO-CD400, b) MgO-CD1000 and c) MgO-C18-1000. The arrows showed the micron-
sized agglomerates. 

4.2.2. LDPE/MgO composites 
 Fig. 25 shows scanning electron micrographs of nanocomposites based on the different 

MgO particles (3 wt.%). The composites which contained MgO particles prepared by the 

one-step heat treatment at 400 and 1000 °C (MgO-CD400 and MgO-CD1000) showed 

some agglomerates sized 1–3 μm (indicated by arrows). The composite based on the MgO 

nanoparticles obtained by the modified two-step heat treatment (MgO-C18-1000) showed 

very uniform particle dispersion (Fig. 7c). The partial silica coverage of the MgO-C18-

1000 nanoparticles increased the hydrophobicity of the surface, and this enhanced both 

nanoparticles compatibility and dispersion within the LDPE matrix.  

43 
 



 
Fig. 26 TG and DSC thermograms of pristine LDPE and its composites based on different MgO 
particles.  

Fig. 26 exhibits the thermal degradation of unfilled LDPE and its composites based on 

different MgO particles in nitrogen and oxygen during temperature scan from 30 to 600 °C. The 

TG and DSC curves in nitrogen show the onset of thermal degradation at 420 °C together with an 

endothermal peak at 460 °C for all samples due to pyrolysis of the polyethylene. The first 

indication of the oxidation (oxidation onset temperature, OOT) for unfilled LDPE and its 

composites in oxygen was displayed by mass uptake at 180–210 °C (Fig. 26 inset). This 

parameter has the same character of OIT showing the effective concentration of antioxidant.12 

The thermal degradation in oxygen, Tox, (referred to as the thermo-oxidative degradation) was  

illustrated by main mass loss in TG curve being contemporaneous with exothermal peak in DSC 

curve.  All of the composites showed lower oxidation onset temperature with reference to unfilled 

LDPE. It should be noted that the all systems had 0.02 wt. % of phenolic antioxidant (Irganox 

1076). The MgO particles in composite systems adsorbed the antioxidant thus reducing the 

oxidation onset temperature in comparison with unfilled LDPE. However, the MgO nanoparticles 
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prepared by modified two-step heat treatment with partial coverage of silica (MgO-C18-1000) 

showed smaller reduction in oxidation onset temperature suggesting they were not likely to 

adsorb phenolic antioxidant. It was reported that the surface hydroxyl group density of silica was 

less than metal-oxide,90 which resulted in the high concentration of intact and effective 

antioxidant in the system. These nanoparticles also showed their high stabilizing effect at 

elevated temperatures (above 300 °C) by shifting the thermo-oxidative degradation to a 

temperature 100 °C higher than for the unfilled LDPE. The proposed mechanism34 was the 

formation of mechanically stable low-permeable surface layer of highly oxidized polymer, 

reinforced by the particles, which impeded the transport of oxygen to the material beneath the 

surface layer. This stabilizing effect is really important in order to achieve the long-term stability 

of the nanocomposites for HVDC cables. 

Fig. 27 a and b) Charging current of pristine LDPE and its nanocomposites based on different 
weight fractions of ZnO nanoparticles with different surface coating obtained at 2.6 kV (E= 32.5 kV 
mm-1) at 60 °C, c) DC conductivity plotted as a function of inter-particle distance for the composites 
based on 25 nm ZnO nanoparticles with different surface functionality. The black and red dashed lines 
correspond to the conductivity value of unfilled LDPE at 1 min and 11 h respectively. The inset shows the 
inter-particle distance versus the weight fraction of the nanoparticles; d) Charging current of composites 
based on 3 wt.% of submicron and micron sized ZnO particles. 

4.3. DC conductivity of LDPE composites containing metal-oxide particles 
 The electrical insulation capacity of the LDPE composites based on coated ZnO 

nanoparticles was compared to unfilled LDPE (Fig. 27a). The charging current was 
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always lower for all composite systems during the entire measurement, as compared with 

unfilled LDPE. The conductivity (charging current) of all the systems decreased with time 

by a power-law relationship, i(t) ∝ t-n. The power factor (n) was obtained from the slope 

of the fitted line of log i vs. log t. The unfilled LDPE showed a conductivity reduction 

with a single slope, whereas the composite systems showed a transient slope at 60 s. Lau 

et al91 related this transient behaviour to a change in the charge transport mechanism. It 

was suggested that the low power factor indicated the formation of trapping sites for space 

charge carriers in the semi-crystalline LDPE matrix, whereas the high power factor was 

consistent with a reduction in charge carrier mobility (tunneling and hopping) at the 

interface of nanofiller and polymer matrix.91 DSC was used to study the crystallisation 

and melting behaviour of the nanocomposites. No significant changes in crystallinity (47–

50 %) or melting peak temperature (111–112 °C) were observed when the nanoparticles 

were added to the LDPE matrix (1 and 3 wt. %). This indicated that the nanoparticles had 

no significant effect on the microstructure of the polymer matrix, suggesting that the 

observed particle-induced improvement in electrical insulation was related to the 

nanoparticle/polymer interface and not to any changes in the matrix. Large power factors 

were observed at regimes shorter than 60 s for the composite systems, which indicated 

that the effect of ZnO nanoparticles on the conductivity suppression occurred in this 

regime. The conductivity decreased with increasing amount (0.1 to 3 wt. %) of coated 

ZnO nanoparticles. The addition of 3 wt. % C8-coated ZnO nanoparticles (ZA-8g-C8) 

reduced the conductivity of the LDPE by 2–3 orders of magnitude (11 h value), which 

was significantly larger than obtained by adding a similar amount of C1- and C18-coated 

nanoparticles. The ZnO nanoparticles, with their large surface area, suggested act as 

additional electron traps, and increase the average hopping distance for the charge carriers 

with reference to that of the LDPE matrix, thus reducing the charging current.11, 91 The 

charge transport on the nanoparticles with large specific surface area is reduced due to the 

presence of surface defects.11 Here, the likely scenario was that these defects became 

inactive when the nanoparticles were covered by large amount of silanes (C1 and C18, 

See Table 3). The C8-coated nanoparticles showed the highest depression in conductivity 

possibly due to the low amount of silane coverage, which resulted in accessible defects for 

the charge trapping. As it was noted before, the silane coverage on C8-coated 
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nanoparticles with reference to other silane coating was enough to provide good 

dispersion and high interfacial adhesion.  

 Fig. 27c shows the conductivity of nanocomposites based on coated ZnO nanoparticles 

(1 and 3 wt. %) as a function of inter-particle distance on a semi-log plot (log σDC vs. 

IPD). The logarithmic conductivity increased in a linear relationship with increasing inter-

particle distance between ZnO nanoparticles. Therefore, the inter-particle distance 

between ZnO nanoparticles was suggested to be the dominant parameter that controls the 

conductivity-suppression (resistivity) level. It was previously suggested that the ZnO 

nanoparticles had one atomic layer of zinc-hydroxy-salt complexes on their surfaces. 

These ionic/polar species may have the disadvantage of increasing the conductivity. The 

ultra-pure nanoparticles (ZA-8g-STE) were coated with a C8 silane to obtain ZnO 

nanoparticles with a hydrophobic surface (ZA-8g-STE-C8). The coated ultra-pure 

nanoparticles, although showing larger inter-particle distances in the LDPE matrix 

compared to the coated nanoparticles containing ionic species, showed  also a high 

conductivity-suppression (resistivity) (Fig. 27b). To conclude, to obtain nanocomposites 

with very low conductivity it is important to control both inter-particle distance and 

particle purity. 

 Fig. 27d shows the decrease in DC conductivity for the LDPE composites based on  

3 wt. % of submicron and micron-sized ZnO particles. Albeit, the inter-particle distance in 

the composites based on submicron star-shaped ZnO particles (ZN-8g-SS and ZN-8g-

SST) regardless heat treatment (1.8 μm) was more than one order of magnitude larger than 

in the nanocomposites systems (Fig. 22 e), a significant decrease in conductivity of the 

former was still observed. Although the specific surface area of submicron particles 

reduced remarkably via heat treatment at 600 °C due to removal of 3.5 nm sized pores, 

their LDPE composites showed the same reduction in DC conductivity (1 min value). This 

indicates that the pores due to their small size, which cannot be fitted with polyethylene 

chains, did not contribute to charge carrier transport, and the conductivity suppression was 

controlled by inter-particle distance. The composites based on the micron sized star-

shaped particles (ZN-4g-SS) with longer inter-particle distance (3.9 μm) had a 

conductivity (1 min value) ca. 4 times higher than that of the composites based on 

submicron particles. The flower-shaped particles with pores which polyethylene chain 

47 
 



fitted in showed the same inter-particle distance as micron-sized star-shaped particles (4.0 

μm), however resulted in much larger suppressed conductivity for the LDPE matrix. This 

finding suggests that the porous ZnO particles with their highly effective interfacial 

surface area could originate additional electron traps, and increases the tunnelling 

barriers/distance for the transport of charge carriers thus reducing the charge mobility and 

DC conductivity within the LDPE matrix. 

 
Fig. 28 Charging current of pristine LDPE and its composites based on different weight fractions of 
different MgO particles obtained at 2.6 kV (E= 32.5 kV mm-1) at 60 °C. 

 The electrical insulation capacity of the LDPE composites based on different MgO 

particles was compared to that of unfilled LDPE (Fig. 28). The addition of 1 wt. % 

moisture-resistant MgO nanoparticles reduced the conductivity of the LDPE by ca. 30 

times (1 min value), which is a smaller effect than was obtained by adding a similar 

amount of MgO-CD400 nanoparticles; the latter yielding a reduction in conductivity by 

ca. 60 times. The conductivity-suppression (resistivity) level for all composite systems 

was decreased when the loading of MgO particles was increased from 1 to  

3 wt. %. This behavior was more severe for the composites based on high-temperature 

heat-treated MgO particles (MgOCD1000 and MgO-C18-1000). It was previously stated 

that the perfect and pure MgO crystals were obtained during high temperature heat 

treatment. It was reported that charge carriers in O- states were dissociated from O2- sub-

lattice of MgO in the bulk and diffused to the surface during the heat treatment.92 After 

fast cooling of MgO particles to room temperature, the charge carriers mainly remained at 

cation vacancies on the crystal surfaces’, which increased the electrical conductivity of the 

MgO phase. On the other hand, the MgO particles as same as ZnO particles in an LDPE 
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matrix act as additional electron traps, and increase the tunneling barriers/distance for the 

transport of charge carriers thus reducing the charge mobility and DC conductivity within 

the LDPE matrix.11 According to the competition between these two phenomena, it is 

suggested that there is a limit to the loading of relatively conductive MgO particles to 

reduce the conductivity of pristine LDPE. This observation is in accordance with another 

study,26 that the conductivity of the nanocomposites increased to the level of LDPE after 

addition of 6–9 wt. % MgO nanoparticles which were heat-treated at 400 °C (MgO-

CD400). This limit of loading MgO particles was herein shifted to the lower value (3 wt. 

%) in the case of MgO heat-treated at 1000 °C (MgO-CD1000 and MgO-C18-1000).   

 As it stated before, the reduction in LDPE conductivity was attributed to the dispersion 

state of particles in the LDPE matrix and to the surface reactivity of the ZnO particles. 

The inter-particle distance value for the nanocomposites based on moisture-resistant MgO 

nanoparticles (278 nm) and MgO-CD400 (281 nm) indicated mostly similar particle 

dispersion. This finding suggests that the surface activity of the nanoparticles was the 

dominant factor influenced the conductivity of the composite systems. Charge trapping on 

the nanoparticles with a large surface activity was facilitated due to the presence of 

surface defects.93 It should be noted that the specific surface area of MgO-CD400 was 

reduced 4.2 times by the modified two-step heat treatment. Therefore, the moisture-

resistant MgO nanoparticles in LDPE had higher DC conductivity due to the fact that the 

heat treatment at 1000 °C removed the concentration of favourable surface defects and 

reduced the surface area. However, this DC conductivity is still within the range of 

electrical conductivity needed for underground/submarine HVDC insulation cables. 
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5. Conclusions  
 Ultra-low conductivity materials based on LDPE and different metal-oxide 

nano/microparticles e. g. ZnO and MgO (≤ 3 wt. %) have been synthesized for potential 

use as insulating materials in HVDC cables. The successful high-yield (gram scales) 

aqueous precipitation synthesis of ZnO particles with narrow size distribution and specific 

morphology was critically dependent on the selection of zinc salt precursor, reaction 

temperature and precursor concentrations. Among different zinc salt precursors, only 

acetate-based salt resulted solely in 25 nm nanoparticles with a narrow size distribution 

due to its strong ability to stabilize the primary nanoparticles. On the other hand, the 

inability of the nitrate precursor to stabilize the primary nanoparticles allowed extensive 

self-assembly primary unit-blocks into specific microstructures; octahedron, rod, sheet, 

star and flower shapes. Facile method, based on silane coating of ZnO nanoparticles, 

which inhibited the sintering during high-temperature heat treatment, was used to obtain 

ultra-pure nanoparticles without the presence of counter-ions residuals on particles 

surfaces’. This process was also applied on Mg(OH)2 in order to achieve moisture-

resistant and fully-transformed MgO nanoparticles with large surface reactivity. The 

highly induced interfacial surface area by functionalized and or hierarchical metal-oxide 

particles within LDPE matrix suggested to provide traps for charge carriers at 

particle/polymer interface in high-electric fields. This resulted in significant reduction in 

DC conductivity of LDPE by more than 1 order of magnitude which paves the way to 

achieve a new generation of ultra-low conductivity materials being ideal for HVDC cable 

insulation applications. 
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 6. Future outlook 
The next step for this particular project is to up-scale the fabrication of these ultra-insulating 

nanocomposites including the metal-oxide synthesis, surface modification and composite 

preparation to semi-industrial level. The matrix of the composites i. e. LDPE in order to be used 

in HVDC cables need to be cross-linked by peroxide-vulcanisation. Although an approach based 

on polyethylene nanocomposites is feasible, the effect of ageing, i.e. oxidation, the migration of 

polar or even ionic species (cross-linking by-products) from the surrounding materials, and the 

effects of impurities in the insulation need to be studied before the long-term functionality of 

these novel insulation materials can be guaranteed.  

Since the developed novel nanocomposites with well-defined nano/microstructure 

characterization showed their high potential in ultra-insulating materials in HVDC cables,  thus it 

is worthy to fulfil extensive mechanical, rheological and electrical characterization beside the 

newly developed computer simulation models in order to improve the final properties. Also, the 

approach to control the morphology and subsequent removal of impurities from house-made 

metal-oxide particles is generally important, for other emerging applications such as voltage 

arrestors (varistors), acoustic devices, UV radiation devices, magneto-optical devices, chemical 

and biological sensing, energy storage and conversion (photovoltaic cells, batteries, capacitors 

and hydrogen storage devices), separation catalysts, hybrid LEDs, electrochromic displays and 

field-grading materials.  
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